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The 150-MHz-bandwidth 
membrane hydrophone 
described on page 6. 
The signal is generated 
by a 20-MHz focused 
ultrasound transducer 
driving water into a non- 
linear state. See page 1 1 
to identify the parts on 
this hydrophone. 
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The heart of an ultrasound imaging system is the electroacoustic transducer, 
a device that converts electrical signals into a focused mechanical v^/ave and 
reconverts reflected mechanical echoes from organs and tissue for real-time 
image construction. Small, calibrated transducers called hydrophones are 
used to measure the acoustic output of the transducers used in these systems. 

The first article in this issue describes a hydrophone developed by HP that 
has a spot diameter of 50 micrometers and a bandwidth greater than 150 MHz, 
enabling it to characterize medicalimaging transducers with operating fre- 
quencies exceeding 20 MHz. 

Measurement accuracy for HP optical power meters and other optical 
instruments is the main theme in the next article. The article also contains 
an overview on the theory of measurement. 

Hewlett-Packard holds several internal conferences each year to allow HP 
scientists and engineers to share such things as best practices and research 
activities. We have five papers from the 1997 conference sponsored by engi- 
neers from HP's integrated circuit R&D community. 

Improvements in simulation and verification tools for IC design are the main 
topics of the first two of these articles. The first describes the development 
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of a high-performance equivalence checker for gate-level simulation. 
The next article describes the development of a model for estimating 
cross talk between signal lines in submicrometer ULSI interconnects. 
The model has an accuracy comparable to SPICE. 

The last three articles from the conference cover reducing transmission 
line reflections with HPs HSTL (high-speed transceiver logic) controlled 
impedance I/O pads, providing low-reflection transitions and high electri- 
cal Isolation in a low-cost RFmultichip module packaging family, and test- 
ing mixed-signal ASICs with the HP 9490 mixed-signal LSI tester 

Solutions to manufacturing and reliability problems with the epoxy resin 
used to attach silicon chips to substrates are discussed in the last two 
articles. First we have a description of a new casting epoxy formulation 
curing condition used for HP surface mount LEDs. Second, we have an 
analysis that was done to determine the best way to inhibit epoxy bleed- 
ing, which causes yield loss in ceramic pin grid array packaging. 

CI. Leath 
Managing Editor 
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To measure the beam parameters of mtravascular ultrasound imaging 
transducers with operating center frequencies exceeding 20 MHz and 
beamwidths below 200 iim. a hydrophone with a spot diameter less than 
50 |.(m and a bandwidth greater than 150 MHz is required. The hydrophone 
described in this article is a step towards meeting these requirements. 



D 



ia^iosLic iilti-asound ima^iiig is used routuioly in ^ saowbg ouuiber of 
nicdicii) appiicnlions. HovvlGU-Pacloud niauufiicULrns aiango orulunsounrl 
imaging systems Chat, use digital beaimronnei-s for cardiology and mult.iputijose 
imaging and mechanical hcanifonnors for cardiology. g(?nenil-pui'pos<\ and 
inn'avascnlnr imagu\g. 

At the heart of an ultrasound system is a transducer, an elccti-oacousiic device 
Uiai. convene elecU'ical signals inro a focused u\echani(nil vvavt^ ai\d reconvinis 
reflected mechanical echoes firom organs and tissue for subsecfiient. real-time 
image constrnciion. Tiic transducer is a resoiiant device tiiat has a bandpass 
niter frcquejicy response. CurrenlJy available transducers have n center 
frequency in the range of 2 lo 30 MHi. A phased aii-ay of individual traiisducei"s. 
typically consisting of 30 to iiOO elentenis, Ls electronically focused and steered 
to provide a beam with the dimensions desired for a selected inedi<'al 
application. 

Current tre)ids in imaging are to the following higher-frequency appiicnlions: 

•• Intravascular imaging for pJaciue detection in blood vessels such as the 
coronary aiteiies 

t Cont.ra5t-agent-assisted harmonic frequency inuogingto view blood How- and 
perfusion in the heart 
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« wSmaU paji;s imaging fonieai-surfacc l\iglv(Jef'ijnit;on 
cxaminatit^n of hnrii injuiios, skin Icsiorus, ajicl Ccu^ccrs 

» Laparoscopic siu-gejf>' (uiLiaiiOiind-tfuidecl interventional 

«^ OciUai- iJUiigij\g (lugh-resolution visualization oCai^ovtia- 
lip.s and repairs of Lho cye_). 

Tlieso t reiuLs pose ch^iUenges in Lhe clxaracteitzaLlon of 
the transducers used. By lav^^, iJtiasound imaging system 
manufactuire^^i are reqiiii'Od Lo measure die acoustic out- 
put or their systems ai the transducer. To characterize the 
acoustic waves of these systems, small calibrated txans- 
ducers called hydiopliones aie used. To avoid aJtejing the 
acoustic fields ihcy aie measuring, hydro]:)hones nn:stbe 
AS nonperlurbing as i>ossiblG and must far exceed the 
bandwidth iuul iht spatial resolution of the transducci-s 
being mt^asurcd. Tliis paper describes a new n\embrmic 
hyfliophone that provides ihe. performance needed for 
tJiesc exacdntj; applications. 

Tlie hydropliones presently used in the indiLStry have 
-;W1B b^nd widths ol 15 io 20 ^Vltlz and effective si.>ot 
sizes of 500 ^uu. They aie appropriate for characterizing 
acoustic medical imaging transducers up to about 7 [VIHz. 
llowev(M\ even iranstlMC(n\s at tJiese frequencies generat;e, 
thnnAgh nonUnear propagation effects bi water, higher 
harmonics that extend in frequency beyond the -3~dB 
baud.widlhs of the available hydrophones, lb fully charac* 
terize a transducer, detection of the fifth harn\onic is 
needed. IniriJiennore, there are new ultrasonic imaging 
modalities, such as iJitravascular ultrasound (IVUS) in tlie 
;jO-iV]llz fre<iuency range \v\th 50'[im wavelengths. Tliese 
transducers cannot Ixr adequately characterized by 
15-to-2()-IVUlz-bandwidU^ hydrophoties. (IVUS gives a 
cros.s-seciionaJ view of the interior of coronary arteries 
to a.ssess coronary atlierosclerosis.) 

Pvi\k pulse pai'ameters calculated from hydrophones vtdr.h 
Inadequate frequency respoi\se show large errors. Hydi'O- 
l^hones with effective spot sizes tlvac are t(jo iaige imder- 
csttmale the crilicirl parameter of peak pressujc because 
they average tl^e pressure over the hydrophone's active 
area. 

The lEC^ and NE^IA'-^ standarcts regulate the characteriza- 
tion of nuMlical ullrasound transducers by specitving the 



paran^ct^rs of the hydrophones used to measure these 
frdusdncers. Tl>e recfiiircd effective spot diameter is 50 urn 
for a hydrophone to measiure a30-MlLi WVS transducer 
with a typical 1-nim aperture and a transducer-to-hydro- 
phone range of less than 2 mm. For more detiiils on tians- 
ducer chai-actcrization, see the box on page 8. 

In \ncw of tliese considerations, there is cm imporlani need 
for hydrophones capalDle of chaiacterLzhig tnuisducers 
witli frequency components in the range of 150 MlTz and 
a spatial resolution of typically less tlian 50 fun. This is 
ijlustrated in Figure 1, which is a plot of sensitivity 
as a (iinctjon of (Verinency for both existing and reciuir(wl 
hydrophones. 

This article describes the modeling, fabrication, and initial 
characLerizatiou of a meu^brane hydrophone capable of 
meeting these more exacting bandwidth and .spaiinl w- 
quiremenLs. The hydiophone is fiil>ricated Ci'om a i-uui- 
tKic.k film of spot-poled^^ P\T)P-TrFE piezoeleclric poly- 
mer material, it luis on-membrane electronics, a -l-dl} 
bandwidth 'n\ excess of 150 MILz, and ameasiuxnl effec- 
tive ^o\: diameter of less than 100 fxm.'* 

■ Poling 'ijftirs 10 the pfoctsss {if aligning it it; difectlons ol Lhe fenoti'ectfic domains in a 
tenoeitciric material so ihbia nei polsrizaijon occurs^The polymivr ;;)o:tifiHl usuU fur 
the hyclraphniifi coniRs wah randoni ferroelpxinc polari/aiion 6y applyir',g nrt t^locirif 
tiftlcl 81 an elevaifid lemperaiiire we can roiaie ilie direciions of tlii! tiKliviilual poloin/a- 
■ lon var-tors; t;?) thrit t1>^v 'J^- ^i' 'iliQi'ied alnng the electric field dirccjion. The higher 
lemperatuff lowers ih(> work requirf^ci, WJien the maienal ri^Uirns to fooni u^miw^dhnu 
the domains s^-^v aliyiinu. thus r.reniing ^n a£;i\/c fwyiuii, Spoi'iJiMiif) is ivMim i:ijiiiitn.';l 
to selecied areas 



Figiue 1 

Bandwidth requirements for liydrophones. 
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Tlie Hewlett-Packard Medical Products Gi 
Acoustic Output Measurement Laboratorv' 



The control and display of acoustic output have important per- 
formance and qualitv implications for medical diagnostic ultra- 
sound equipment. Thie acoustic output of these devices should 
be optimi^od to provide image quality suHicient for a clinician 
to make a diagnosis, while at the same lime, must be limited 
to U.S. Food and Drug Adminisiraiion (FDA) approved levels. 
The FDA has set limits for aconsiic output, and requires report- 
ing of maximum output levels before marketing these devices 
and as part of the device labeling. Output measurements on 
producliun units are performed to ensure manufacturing pro- 
ct3ss control and to establish compliance with FDA Quality 
System llngulations (QSR). Recognizing thai measurement of 
acoustic output is an essential pari of the design, manufac- 
ture, and marketing of this equipment, the HP Medical Prod- 
ucts Group (MPGl in 1985 established a dedicated, siaie-of- 
tfie-aft, acoustic output measurement laboratorv at Andover, 
Massachusetts. 

The laboratory has Instruments 
required to perform measurements of acoustic pressure, inten- 
sily, ffcquency, and power in the range of 1 to 20 MHz, and is 
staffed by managers, support engineers, and highly skilled 
measurement technicians. 

The primary measurement system used to measure pressure. 
iiuensiiy, and frequency consists of a water tank, hydrophone, 
motorized precision positioning system, high-speed sampling 
oscilloscope, system controller, and associated measurement 
s[)fiware. The positioning system provides repeatable position- 
ing of the acoustic beanri relative to the hydrophone in the water 
tank and allows automatic scanning of the acoustic field. The 
oscilloscope captures the fiydrophone output and transfers the 
sampled data to the system controller for parameter computa- 
tion (prussurc. intensity, frequency). 

A radiation force balance is used to measure total acoustic 
powor. This device consists of a small sound-absorbing target 
attached to one arm of a microbaiance suspended in a v^ater 
cnluniii To perform a power measurement, the source trans- 
ducer is coupled to ihe water column and the acoustic beam 
is directed at the target. The resulting force on the target, as 
measured by the microbaiance, is proportional to the total 
acoustic power, 

Tho methodoincjy for performing these measurements con- 
foin\s to those specified in the NEMA UD'2 Acoustic Output 



Measurement S(and3rd, the NEMA/AtUM Standard for Real- 
Time Display of Thermal and Acoustic Output Indices on Diog- 
nostic Ultrasound Equipmeni and international standards. 

Laboratory Missio> The laboratory's mission is fourfold, 

The first mission is to support the development of new ultra- 
soured products. Before clinical studies, measu^nments are 
perfomied on prototype equipment to characterize the acoustic 
field, and maximum acoustic output is verified to be at or 
below PDA approved limits for pressure and intensity. Later, 
after more systems are manufactured, output control and 
display are optimized and validated, and additional measure- 
ments are performed to establish the output vanability of 
newly designed products. Finally, production test protocols 
and test limits are established. 

The second mission is to collect acoustic output data required 
for regulaton/ labeling. This includes collection of data lor 
premaiket notification and other international rGquiremonis, 

The third mission is to support manufacturing engineering. 
The laboratory is responsible for addressing all aspects of 
acoustic output measurement related to FDA-GMP and ISO 
requirements, includirig the csiablishment of proauction rest 
procedures and test limiis and calibration and maintenance 
procedures of unique test equipmeni 

Finally, the laboratory is committed to advancing ultrasonic 
exposimelrv. acoustic output meavsurement science, and asso- 
ciated measurement standards. The lahuratorv provides a 
real-world environment for the development of new measure- 
ment devices, such as the HP wideband hydrophone described 
in the accompanying article, and laboratory engineers am 
actively involved in national and international measurement 
standards committee work (NEMA, AIUM, lEC. etc.). 

To accomplish these missions, the laboratory maintains close, 
cooperative working relationships with MPG s ultrasound 
product design team as well as MPG's manufacturing engi- 
neering and regulatory staffs. 

Charles Grossman, Jr, Thomas L Szabo. 
Kathleen Meschisen. and Katharine Stohlman 
Imaging Systems Division 
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The basic sUiulurc ol' a mombrani^ liydn>])lion^ is showii 
m Figure 2. 1 lore, a portion of a tl-jin n;einbi-ane is vShown 
wilh iin clt'Ctvode and a l.nico on (\n,ch side of the menv 
[nwnc. The rvnlcr lJo(.iuMu:y is inversely pi'oponionol lo 
llio lliidvncss of (lie piez()t^leclri<; membrane. The spatiaj 
res<^lution of iJie hydrophone irnpmves cis the diameier 
of Ihe eleclrode dccreas<^s, ii]\tl ihc sensilivity and ba)\d- 
widlh are deteiTnijied by rhe piezoelectric coupling of Ihe 
nuMubraiie. The aeiive area of (he hydrophone is det.er- 
mi.ned by the overlap of (he top and botlom electrodes, 
h^ prac(Jce, one of ilie electrodes Ls cxrended over a largo 
pon.ion o(" the niembnuie to seive as a ground plane. 

Acoustic- modeling was iLs(^d to charactenzo ihe effecLs of 
spot sijxe. Jllni tliicJkness, mass loading IVoin the tlun-film 
electrodes, and dinH;tu)nal seiusiiivity (du-eclivity), Tl^e 
niHJordLITerences in the properties ot (.he piezoelectric 
polymer n\al:enals between (:he co]>olymer PAnDF-TrFE 
used here and the more commonly used VVDV are rhe 
ijxreased dielectric constiinl, (,he increased effective cou- 
pljjig- cons1>uit, iuid the decreased eleclriciiJ loss tangent 
of [.lie copolymer. 



The Ihiclcness-niode resonant frctjuency, f^, of (,he mem- 
brane Imirophonc is ^iven by: 



lo 



_c_ 
2C 



(1) 



where c is U^ie acouslJc velocity and t Is the tMckness of 
(he membrane. This n-latnon cnmes from the reqihremcn(, 
(ha(. the tliicUjvess dunension of the membrane film must 
he a half wavelength, hi general, it is impoitiinl to have 
i.he thickness resonance of the mcntbrane beyond (he 
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Basic structure old membrane hydrophone. 
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Figure >> 

(a) Hydrophone structure for 3D electrostatic modeling. 

(b) Contours of constant potential at Z= 50 ^f m. 
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mcrisiu'ement range to maximize the Oal.ness of (he sensi- 
tivity. A 4-[xm fdm satisfies LlVis re(iuiremen( by placin.!;^ 
the (J^clcness resonance frequency at 150 MHz, The (hick- 
n(*ss resonaj^ce is ciJso aliect^d liy (;he mass of the mcinl 
elecli'odes. For a 4-jjm membrane, convention;! I 3000 A 
electrodes degrade the pt^^k frcfjuency of (he sensitivity 
and (,hc fractional bandMadth. A choice of lOOOA foi' (!u^ 
electrode thickness is a good compromLse between a 
con()Sion-resi.s(.ani electrode with adequute conduciiviiy 
aJid adequate bandwidth. 

Electrostatic Fringe Fields 

Diuing ihe spot-poling process, the applied <^lectric iu^ids 
fti)\ge beyond the e<:\g<^ of the spot electrode^ and can p(»le 
are^is of the piezoelectric polymer beyond tite intended 
spot electrode. Elech'ostiitic fiGld nvxleling was u.sed (o 
n^odel the electrical field patlerns to eslJmale the extent 
of the fringe field. VoUiiges on Liie cluce-<lh\iensional 
siruciure are specified and Poisson's e(niaiion is solved 
iterarively. The geometry of the model is shown in 
Figure 3a. A 37-^nn-diameter elecljode spot and (race 
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aiv piU-tenicd over ^ semi-infinite ground plane. These 
arc on ())>i)o.sile sides of a 4-jinvihick polymer film. In 
Figiu'c 3b, 10% mcrcniental conrouj* plots of the elcccri- 
("U poi.(^niial are shown foe a central cioss section in the 
X-V plane, Ihrougli the trace a(, ihe Lop, the polymer film, 
and ilie l^ollom ground plane. An additional 10 jam is 
poled at grealer than 50% of the maximum poteniial on 
rlie electrode. Ilierefore, tJiLs n\odcl predicts a laiger total 
aeiive dianieti»r of about -30 jim. 

The <4Teets of .spot si/e and film thictoess are seen by 
ai)proxiinating the electrical impedance by capacitive 



roaelance. Tins reactance is 



(2) 



where i is the thickness, D is the diameter of the spot, 
e is Ihe clamped djelec-tric constant, and c is ihe speed of 
soimd in ihe membj-ane. Thus the electriiral impedance 
of the membrane hydro])hone increases with the square 
of the membi-ane thickriess and mvcrsely with Uie square 
of the spot dianuM.(>r. For a 4-um-thick membrane with a 
:i7-um-dianieier si)ot, Z is 100,000 olvms. This liigh imped- 
ance presents a challenge for matching the transducer to 
ilu' "lO-oliin impedance of the cable used to connect the 
hydrophone to an oscilloscope. 

Figure 4 shows the scbematic dJi\gi*am and equivalent 
circuil for a membrane hydrophone with an adjacent 
ampliher. At the far left of the oveiuU equivalent circuit is 
Ihe e(inivalei\t cuxuit for tl^e piezoelectricaUy active area 
resonator. This circuit yields two conditiorLS for resonance. 
A seri(\s n^sonance condition exists when Cy, Li, and R\ 
resonatt^ to produce an eIecl;ricaJ impedanct; n\u\inruin, 
and a parallel resonance condition exists wdien the 
C'l-LpRi branch is Lnduclive and tunes with C„ to produce 
an unpeflanee maximmn. In tlie middle, Cs represents the 
stray <'apa<iiance of the connecting electrode. The adja- 
cent amplifier is rq:)resented by a capacitance C^ and a 
real im])edance R;v Not shown is the 50-ohm coaxiaJ cable 
that eonnecis the amtjUfier output to additional electionic 
circuitry. On-membrane electronics are used to avoid 
corrujjting lh(^ frequency characteristics ai^d to match a 
50-ohm cable properl,v. 
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Tlic spatial resolution of a hydrophone is det.ermlned by 
tl^e effective spot size. The effective spot size is in turn 
determined by tlte geometric spot size and other (^ecljicaJ 
^md acoustic lVic:toi'y. If the spot size is signiHcanMy larger 
than Llie size of the acoustic beam being measmed, si)atial 
averaging occurs (a hydroj^hone measures pressure, not 
energy). Averaging by the hydrophone results h\ overesti- 
maring the size of the beam and underestimating the abso- 
lute pressure levels of Lhe beam. These two eff<Tis will be 
ilJustrated and discussed later m iJiis aitiele for both large- 
diamerer and small-diameter hydrophones. 

t-abrtcation 

The fabrication of a n^embrane hydrot^hone begins with 
the raw^ PVDF-TrFE film in a roll form. An evaporator is 
used to deposit metal elecbodes onto both sides of the 
Qbn. Shadow masks estabhsh the electrode pall ems. One 
side is patterned for the active spot electrode and the 
on-membran<^ electronics com\(X'tions. The oi hcv side is 
patterned for the giound plane. Alignment of the giound 
platie relative to the spot ek^ctrode is necessary to coi- 
rectly cstabhsJi the overlap of tl\e spot cLectrode. 
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Figure 5 

(a) Photograph of the mar side of the hydrophone, (b) Photon)icrograph of the active spot, showing the 37-fjm geometric diameter 



SO-Ohm Oonnoctor 



ia) 




Ground Pli^no 



Support Ring ^ Power Supply Leads (b) 




Top Efeclrode 



TIr: nuMnhiiuie is i:hen moutited onto a ring support st nic- 
UiiT. ]\^ lis raw .sl:a(;o, ah rGteived from the vcndoi, thn 
piezoeleclrk: PVUF-TtFE fiJni is iinpolfid vviLh unaligned 
r(nT()(^)e('iri{' rloinains. To align those rjomains anrJ croaLc 
liie pic'/ioolcclric aciive art^a, the film is spot-poled at a 
temperature of 130"C and an clecuic Held stiength of 
70V/^i,in. 

A fJin ilrickness of 4 urn and aijpoLsizc of 37 {xm rG5;ult in 
a device >A4(h an electrical impedance of about 100 kilohnis. 
Such a hydrophone is not well-matched to the 50-ohm 
cable lyj.vically used l;o connect the hydrophone to an 
oscLllc)s<opc inpDi. Tills substantial clectricaJ impedance 
n>isinatch issue is rx^solved by nioaiitij\g a wideband, low- 
<hst()rtion buffer ainphficr dir(K:tl>' on tiu; n\einbran(r- The 
seJecled ampliGer, a surface n^ount device, has a freq.iency 
response tiiat is Qaf within ± 1 <]M \ron^ do to 500 MH'z 
and an input inipedajice on tlie order of 450 Idlolints. To 
avoid dJStotUng Uie acouslic Oeld, the ampUFier is smface 
nu)unle(i direcHy onto the membrane at a distance of 
10 nnn from the spot electrode. The electronics are en- 
capsulated vvir.h a casi l)acl<ing of silicone resii\ that also 
acts to protect Lhc fragile 4-u.m-tlnck film. Mlcr Uie back- 
ing is c\u-ed, the hydrophoTie is chai^acteriy.ed, 

A photograph of tlic rear siiiface of the hydrophone is 
sJ^oivi^ u\ Figure 5a with several of the key structures 
Jnghlii^hted. Nonualiy the back side of the hydrophone is 
encapsuJattid in a silicone gel to support the membrane 
and protect. \he elc^ironics fioni the water enviromnent. 



The membrane is stretched taut over the fiO-mni diameter 
slaJnless steel support ring. Tlic ground phm(^ can b(^ scn^n 
on Utc bottom leii iiaif of tl\e membrane. Tlie active spot 
is at the end of tlio trarx pointing towarrl tlie centiM' of \hv 
mcmbraiie. The on-niembrane electronics are located in 
the upper light portion of the photo, with the two power 
supply leads shov\npL on the right side of the photo. The 
hydrophone is terminated into astandcird BNC 50-ohm 
coaxial connector. Figure 5b is aphotomicrograi>h of ilu^ 
active area. Here the top smface elecfrodt* is seen on li^e 
right as it tapers down to a 37-fjLm diameter. The ground 
plane is located in the left half of tlie picltue, under ihe 
piezoelectric film, just oveilapping (lie 37-j.mi-dia meter 
.spot. The spatial overlap of the top electrode and Iht^ 
ground plmie defines the active spot, once it has betin 
poled. 

width 

One of the key design gojjs is a -3-dl3 bandwidth of ai 
least 150 Mllz. Several jjotential methods for measuring 
the baitdvvadlh include calibration a^ai.nst a known stan- 
dard hydrophone, interferometi^, reciprocity, and thc^ 
noitlineai' distortion method. The first three ^ure generally 
a<xcptod CcUibralJon methods but are currently limiled to 
a maxim imi frequency of 50 MHz. The uonlineai' disl<>rii(jn 
method, although not considered a stiuulard method, is 
fiapahle of measuren)cnts aJ)0vc 150 MM/, and was chos<M'i 
to evaluate the new I\ydrophone. 
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Ill I he nonlinonr rlisl;oiTion niel;liod, a sonjce Iramsducer is 
used \o produce uonlinciir olTecls in the vvatei' propaga- 
lioii nvedium. In a fuUy developed shock wave, sucl^ a-s Ihe 
lainihar one generaicd by a.jo\ iiiiplane, a classic: N wave, 
or N-shap(^d wavefonw, may be Ibniied. The N wave gel5 
lis nmwr tVoin ifs wiy sleep coinprcssional lise l.inie and 
iis nioie gradvial tavel'acljou taJJ time. As (he waveform 
l)roi)agar(\s, a shock front develops, which generates new 
f're(jn<Micy coniponenis not pn^seni in Ihe original wave- 
I'onn. 'JTie IVequency speeLiimi of an ideal N-shaped shock 
\\'ave has LVc^ineney harmonics aLumldpIes a of (J-^e fun- 
da mental, where n =1. 2, 3. ..., ^ . h\ the classic N wave, 
each liaimonic amplitude falls off as IAl Perfect. N waves 
arr rarely acbieved in l,hc fields of medical udliasonnd 
transducei'S because of diffraction phase effects in the 
beam. However, nonliaiear disronion methods can sf.ill 
]>rovi(U' an extremely broadband signal to aid "m the cvaJu- 
alion oL'iiydmphone bajidwidlh. 

An imperfecl ly shaped N wavcfonn is shown in Future 6a. 
This wavefoim is fiom a 20-Nfflz> 5. 1-mm-djamei.cr tians- 
ducer t*x<*iled in a t.on<^-burst mode, as recorded by an 
1 1 P 54720A cUgiliil oscilloscope and an J-L1-* 54721 A plug-in 
ami>]irier wiLh a 1-GIlz aniilog bandwidth. The hydro- 
jjlione is i)laei^d at the focal plane distance of 19 nun. Li 
the local plane, the intensity is su/Hcient to exploit the 
nonlijiear j)roiH"'rties of waio' lo generate useful nonlinear 
(hstortion. The waveform exciting the transducer is a 
2()'iVllIz sinusoidal tone hurst. Because of tfie nonlinear 
prn])<Mli(\s of the wai.er propagation inoclium. the positive 



compiessional haJf-cycles exhibit vei-y fast rise limes, 
while the negative rajd'aclion half-cycles exhibit slower 
faJl limes. The higher frequencies genciTited this w^ay do 
not suffer sigrnfi cant propagalion-ii^lated attenuation Ix^- 
cause they rire generated rigln w]iere they are detected. 

The -3'dB bandwidth can he estimaled from the sharp 
compressional portion of tlris waveform. From the 
1 0'X)-l.O'90% rise time, a bandwidih of 100 Mil?, is cal- 
culated. The relaled rre(iuei\cy spectrum^ is shown in 
Figure 6b. Tlie harmonics from the fundamental at 
-20 Ml!'/ up to -800 MM/ can be si^cn. The peaks, cor- 
rcsponduig lo tlic hannonics at 20-Milz inleivals, sjiow 
r,he extent of the nonlinear distoiilon of the wavefonn. 
Without the nonlincai' distortion, most of the energy 
w^onld be located at the fundamental freQnenc:y of 
20 MHz. At -700 Mil/, rhc -3-dB bandwidth of the 
buffer amplifier limits the measured frequency response 
of the l\ydi'ophone. Tlius, this hydro]^hone can ckMcct 
acoustic frequency components out to ai least 800 MHz. 

The superior bandwidth of tliis membrane hydroplione 
relative to hydrophones caircntly ui use can be demoii- 
strarcd by performing comparative measiu-emenls on 
acoustic fields genoraled by medical diagnostic idtrasound 
equipment. Comparative wavefonn measmements were 
made with a Hewlett-Packard SONGS 2500 diagnostic 
imaging system and a 5-MHz phased array transducer 
^15 tire source. Two hycirophones were used to measure 
the acoustic wavefomi at focus. A Cidibimed n^feri^nct^ 



(a) Received nonlinear wdveform from a 20- MHz trdnsducer (b) Spectrum of rlw nonlinear waveform with iwrmonics up to 800 MHz. 
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Figurr 7 

Wa\/eforms (insets) and spectra for (a) 500~i(m-diametor hydrophone srjd lb) new HP 37'tim-didmetBr hydrophone. 
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nionibraiic hydrophone with a 500-uiu si)oL dianioter on a 
^G-finMhick bibm^iniir PVOF mcnil)raae wni; compared 
wil.h Ihc new IIP higJi-fxeQUcncy nicmbrai^e hydropl'.onc 
with 'A 'll-\nv spot on a -l-iinvl.liirl< mciYtbraiic- Figure 7a 
.shows Iho riequcncy si)ectrnni ush^g the 500-|Anvdiaincter 
hy(:h<ii>liono, and tM in.sol shows ihc n\oasured nonllnciir 
wavd'onn. The spocU' nn ahows the Inndaint^nl.nJ al 5 iMll'^i 
and Uuco harmonics at 10, 15, arid 20 MHz. Figure 7b 
shows iho rrc(.in(»ncy spiHirmn nsing l,he new III-* ;J7-,um- 
dirinieler hydjophono, and Qie insel yhows \hp. respective 
wa\'(M"orm ilial. has gieahT dobtil an(i a sharper jiso time 
l)(ic-a\Ls<^ of I he greater baJidwidUv The ypecuiun shows [he 
fundanionlal ai, 5 MHz and the subsequent 40 harmonics 
oMi. lo 200 Mllx. This l're<iuen<-y dar^i correhiles well with 
ihc spectra show^n in Figure 6, given t.]\e lower exciLa- 
l.ion rre(iU(Micy of the 80N0S sysienv 

Thr stMVsiiiviiy of a n\omhrane hydrophone can be deier- 
miiied by two fundaments) pai'ameteis. TKo fii^L is (he 
tliickness resonance of the n\embrane fi.lin. The second is 
Ihe resi)onse (U^tx^nniiK^d by Ihe elecl.ncai ajul piev-oelectric 
pro]MMt.ies of tl\e nu^terial- For a Iwch'ophone the receive 
voltage scnsii.ivity, M, is given by lJic ratio of tlie devel- 
op(xl voltage to the incident acoustic pressure, that Ls, 
M = V/P, 
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AJlhougJ^ die opcn-cii^'Uit voltage sensitivity is I lie most 
dUect measuje of the sen.silivily (^f a hydrophone, it is 
difHcult to measure with the new MP hydropiione and 
it.s required on-membrane ampliHcr. Consequenily, Ihe 
]oaded-end-(.)I-cabIe seasifivil^y, Ml (relative to 1 V/]V1Pa). 
was measured and found to he -2;)±2 dB> within — 1.5 dB 
of the reference 500-,mu-(Ua]U(M,er hydroptvone. This com 
paiison was done v\ith the reference l\y(.iro]jhone config- 
ured with a (vdB eNternal amphlKH- and ihe wideband 
hyrli'opboue chriving an exLernal 25-dB amplincr. In ea(Hi 
case the circirils arc oprjmally tuned wiih the exlernal 
ainplliiers in place. .AJthoughstmsiliviiy calibration niea- 
SLUOJuenls are needed out to If^O MJlx. tiierc^ is not yei a 
saljsfac-l.oi7 calibration proeerlure for the requinvl range. 



When the hydrophone diamet.er is siguiricanlly larger than 
the beam it n^easures. spatial averaging oc:curs. To com- 
]ytm) thivspatial resolution of the HP high-fre(iuenr>' hydro- 
phone witli a reference hy<li-ophone with a 500-um sjiot 
si?.e, the lightly focused beam of a 20-MlI'/, G.4-nmv(liame- 
ter transducer was me^isured by boiii liy(irophoni\s dose 
lo the focal pUme. The measured beam of this transducer 
al its focal length is close to the ideal pr(Hlicl.ed by Iheory 
provided Lliat a sufficiently small hydrophone is used 
to make the meas\neuient. The n\eas\ued Held can be 
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nKKl<Morl \o a goofl appioxinuilJon as iJie spatial average 
oi' ilu* iheoreiiral fIr.lH over lUv. hydrophonf; iiiea. Because 
of radial syiiin\otry, the mx^a averaging sirap]Ll"L(^s to a nm- 
ning iiu'on across the theorftcical l)cam. 

Measured boatnwidihs for [he two hydrophones ai'c conv 
|)arcd to thcorellcal calcalatioay of the SDaiially averaged 
and unaveiaged beainwidUxs in Figure 8. in Figure 8a 
the data from the r>00-^ni reference hydrophone is shown, 
and ilu* coniiparable data for the HP hychophone is given 
in Figure 8b. These cnives demonstrate that the refer- 
ence hydi'opiTon<^ mulereslimates the on-axis pressure at 
Ihe beam peak by 40% ai^d overestimates the beamwidth 
by 50%, wiiei'eas the new HP high-frequencry hydrophone 
providi^s a faitlifid replica of the bea^n shape and pressme. 

Ang\ilar measurement techniouos can also be used to esti- 
mate the effective spot size of a hydrophone. In Llie iingu- 
lar lesponse method, the hydrophone is swept tlu-ough an 
arc about the reference Iransduccr. h^ tliis way, directional 
response can be measuied and used to estimate ibe effec- 
tive diameter. In this method the actual beaiUwidUis at 
- :] dB and at - ti dB are compared to tl^ose expected 
IVoni theoiy. P\oni the tlieoreticaJ bcamwidtJi, for a given 
fre(iuency, ihe effective hydrophone .spot diameter can 
be infeired from the beam^vidth data. The same 20-MIi2 
focused Mansmitier was used to perfomi a directivity 



measurement. 71ie resulting measured lialf ajigles, when 
applied to the theorelicai model, indicate a spot diameter 
upper bound of 100 fj.m for the device measured. 

Intravascular Ultrasourul Application 

As an example of the application of iJiis new hydrophone, 
a 30-MLi2 1V[JS catJ\ecer transducer excit.od by an IIP IVUS 
system under nonnal system settings was chaiacterized. 
In use, asuttionary sheath is used to proteci the intinuM 
lining of tJie blood vessel (one monolayer of cells thick) 
from the rotating catheter and tiansducer. The sheath 
both attenuates ai^d focuses the beiuu. In Figure 9a, the 
wavefojcn^ is sliown as received by Uie hydrophone after 
a 1.9-mm path in water. The hydrophone was carefully 
placed on the axis of sound propagation. Tlic thick line Is 
tl^c waveform v^th the ll(i-|Lim4hick polymer sheath, and 
the thin line is the wavefonn without the sheatl\. The 
beam chat is focused by \hc sheath arnves at the hydro- 
phone earlier. Tlie disparity in the rise and fall times of 
these signals is aa indication tliat nordinear dis(x)iiion has 
developed in IJ^e water medimn. The freqi^ency spc<;ti-a of 
these waveforms ii\ Fi^fure 9b indicaie Ihe presenc(* (jf 
nonlinear distortion both with a sheath and withoul a 
shoath. There aic frequency components of this wave- 
fonn out to at least 150 Ml la, wliich cannot be measured 
by a eonventiomil 20-MJH/-bandwidth hydrophone. 



Ki.Uure S 

Linear scans o^a2Q-MH2 ultrasound transducer bsam with two hydrophones: id} d 500-um-dismeter reference hydrophone 
and ib) the 37-n m-diameter HP hydrophone. In each case, the rheoreiicdl transducer beam shape, the theoretical beam 
shape as spatially averaged by the hydrophone spot size, and rlye discrete hydrophone measurement data are shown. 
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Figure !) 

HP membrane hydrophone measurements of nonlinear data from a 30-MHz iWS catheter, (a) Ttme-domain waveforms. 
lb) Frequency-domain spectra. 
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With the ii\(;reji<iing lls(^ of intravascular ultrasound in\aging 
tinns(Ju(:ei*s willi operating reenter Ijcqucncics exce^'ding 
20 MJlz cu^(\ beamwidllis below 200 p,in, smaiLer-spot-fiize 
rind higher-frc(|U(Micy hydrophones are ticeded. CTharactx^r- 
izing trnnsducci' acousljc pressure field>s according lo tl^o 
AIUM/Nl^MA st.ii:iidards requoies a hydroplionc wiUi a spot, 
diiuHcter lass Ihan 50 (ini and a bandwidth greater I ban 
150 MHz. The l\vdroplione described in tlus iiiticie is a 
s\c]) towards ineoling Lh(?se re(|uireincnts. 

Acoustic modclu\g was performed Lo provide a general 
giiidelme fur selecling the membrane thickness, electrode 
diamelor. declrode <:onducLor inctal tbiclaiess, electnodc 
interconnect lead length, and placement of the ampltner. 
Fabricaljon of the liydrophonc re(]ub-ed characLerizatioa 
of the material, elecixodc par.terrving, spotpobng, and 
assembly. 'I'he nonlinear distortion method was used to 
evaluate I he bandwidth. Directivity measurements were 
used to deierminc an upper linut for the effective spot 
diameter. The substitutional meliiod was used to cvaluace 
the fiyd)xjpJione sensitivity up to 20 MHz, As ai^ example of 
i.he capabilit;y ol tlie liydrophone, tl^e on-axis sigwM from 
a 30-MHz r\n.lS transducer in water wiis ciiaracterized. 
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The result of tliis work is an acoustic hychophone fabri- 
cated on a 4-^im-thick men\brane fibn of PVDF-TiKE. 
having an efFectiv^e active spot less than 100 fun in 
diamel-er, ^in on-membi7ine buffer ampLillcr within 10 mm 
of the active .s^ot. and a loaded end-of-cable sensitivity 
of -2:J dli relative to IV/MPa in the range 5 to 20 NUfz. 
Additiomd chai-acixirization is needed to delermLne the 
absolut:e liydrophonc response in the range of 20 lo 
160 MHz, and to measuie the effective spot size more 
accurately. Fiuther deiaiLs on tliis hydrophone and a more 
C(;mplete set of references arc given in ref(Menc(^ ;J. This 
hydrophone has been licensed Lx> an eocvemal vendor for 
comn^ercialization, and is expected to be available in vIk^ 
spring of 1998. 
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Units, Traceability, and Calibration of Optica 
Instruments 



Andrrf^as Gf*rster 



This af linle presents a short and comprehensive overview of the art of units 
measurement and calibiiition Although ihe examples tocus on optical 
instrumerus, the article may be of interest to anyone interested in metrology 



T 

J. he 



-he increasing number of coaipai\ies using qualiiy sysl.cuns, such as 
(he ISO 9000senos, explains i,he growing inicn\st in the Vcilidalion ofilu^ 
pciformanco of measurement instiiiments. For nijuiy c.usUnnei^ it is no longer 
solTicionL to own a feaiuroiich instrument. Thest: ciLslomers \van( lo ho snr*' 
thai, they can test and measure in eompliaJK-e with iudvislrial anti legal 
standards. Therefore, it is important to know how it <^m be guaranhn^d ihal 
a certi-nn inst.n.nnent meets specifieations. 

Tliis article Is intended to give ai^ ovcivic-'^w of the calibration of opiical f)owcr 
meters and other optical unstniinenis al HJ*. AJong with the specific uislnmuMils, 
common pnx esses and methods will he discussed. The fii^st section will deal 
wiUi some aspects of Ihe theoi:y of measuron^eut Then, processes ^uul m(^tiu)ils 
of caUbration and traceability will be discussed. Tliese Hrst two sections f;ive 
a general ^md compreheiisive inlJoducUon to iJie system of mnis. Finally, ihc 
calibration procedures for c(^ii.ain IIP optical insirument.s will be described. 

Theory of Measurement 

Measurement has long been one of the bases of technical, economical and 
Andreas Gerster ^_,^^,^^ poblictil development and success, hi the old RgyiJiian culinrc. suivt^yin.ij; 

bisnipinm-Plivsikrrfmin axid trigonometi-y were Unpoitant contribniors to their pinsi^enty. Reli*zious 

lire iinivcrsilyor Shut <;;irl_ . ,.,. ,, ■ ■ .» ,■ .- » i , i - i 

and pohticaJ leaacjs m these Umcs iouiKled Ihen- power on, anions oihcr 

in If/.Ki ^itvl johu'H HP flir saiiK' ytww Ai\ <:ngi- 

MoMinitjrtiPKdbtTn.i^nWiwiKinu'iH DM.sion Uiijigs, the mcasiu'cmenL ot times and rotary motions, whi<h allowed thcni lo 

i»|ili(':il sMiiiIiii'ds hilMiniioiy. lu' i.^ n^ponslhlc 

i'oyrnwunumu Inn] -k^'dnm .oui imti LmcL^riainiy pK*edicl sobiT and Innar cclipscs as well as Uic dafes of the Hood season of tlu^ 
n.uiysis. n. is. moniiu-rof DIM; (riiy^.c^i j^-^^ ^^^^^. j^^,.^^. j^^ ^-.^^^^^^y^ wc.igi^l:s and lo^^li measurenv^-nts w(mv fundanuMital 

Sdririyiif (li'iiiiimy). AiuIrriKs i^s tn;nTiod. has 

;id;iiiiiiiii'i. Mild enjoys s;ii!iyig::uu] biking. to a variety of trading activities and to sciencific progress. Unprovemenis in 
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mccusurenienl; tecliiiinuos, for examplft, allowed Kcppler 
U) sol up his astrononiicaJ Jaws. Kcppler used Lhe nicasuic- 
\neni results of lus teacher TVcho Brahe, who cleteiinined 
I ho orbits of the planois in the solar system with an un- 
prece(h^iUed accuracy of two a}c nmiutes.* Because of the 
strong imparl of a homogenous system of measmcmerUs. 
all melrologic activities even today aie controlled by 
«ovemm(MUal authorities in all developed countries. 

Lot us consider fu'si the measuremeiu itseli. Measurement 
is the process of dctGrmiaing tl^e value of a ceitain prop- 
t^rty of a physical system. The only possihility for making 
sue!) a determination is to compai'e the urLkno>ATi property 
wit h another system for which the value of the pi'opeity 
in questio!\ is loiown. For exajnple, in a length measiue- 
meni , one compares a certain distance to the length of 
a ruler by counting [\ow often the ruler fits Into this dis- 
tance. But wlmi do you use as a ruler to solve such a mea- 
suremeni prohk-m\? The solution is a mathonatJcal one: 
one defines a set of axiomatic rulers and deduces the 
l)ratlicnl nilers from this .set. 

At first, ruloi-s were derived from huniai\ properties. Some 
of the units used today still reflect these rulers, such as 
i'rcK miles (in Latin, miJe passuiun - 1000 double steps), 
cuhiis (the Jengrh of tJ^e forearm), or seconds (ttic time 
bolwoon two heartbeats is about on(^ second). As one can 
imagine, in l.he begimiing these axiomatic ruleis weie any- 
Ihing but general or homogeno\is — ^for example, differciit 
p(M)plo have different, feet. Only a few hundred years ago, 
every Freie Reichsstadt (fi'ec city) in the Gennan empire 
had its own length and juass definitions. The coujnty of 
Baden had 1 \2 diffei^nt cubits at the begimiing of the 
nineteenth ccMitmy, mul the city of FYankfuit had 14 differ- 
ent mass' imits." hi some cities the old axiomatic ruler wa^ 
mounted al the city hall near the marketplace aad can still 
bo\dsit('d loday. 

With the beginnijig of positivism, about the time of tl\e 
r<^voluti()n in rVance, people were looking for absohire 
ly|.)os of rulers that could make it easier to compare dif- 
foienr mea^ureu^ents at different localions. Tliu^, in 1790, 
I ho nio) m' was delJned in Paris to be 1/40000000 of U^c 
leni>rh of the earl:h meridian through Palis. Because such 
a nusisuromont is difficult to carry our, a physical arti- 
fact wiLS made out of a special alloy, and the standard 
nnnor was bom. Tlii.s procedure was established by Uie 
intornaiional treaty of the meter in 1875, and although the 



unit definitions have chajiged, \ht contract Is stiJl vahd 
today. 

Related to this seaj'ch for suitable axiomatic nilers is the 
question of how many different riders are really necessai-y 
to deduce aD practical units. Among others, F. Gauss de- 
livered valuable contribuuons to the answer. He pr0]X)Sed 
a system consisting of only tluce imits: mass, tin\c and 
length. All otlier mechanical and electrical and tluTofore 
optical units could be deduced. As Lord Kelvin showed in 
1851, the tempei-aoire is also directly related to rucchiiiu* 
cal units. I^herefore, along with the meter, two other axi- 
omatic rulers were defined. Mass was definefl by the ijv- 
tematioual kilogranri mtifact which was intended to have 
the mass of one cubic decuncter of pme water h( 4'-X" 
(in fact it was about 0.0028 g too hea\^). The definition 
of time finally was related to the duration of a certain 
(astronomical) day of the year 1900. 

For vaxious rcasoi^s, these definitions were not considered 
suitable anymoi-e in the second half of tlic 20th centmy, 
and metrologists tried to find natural pliysical const^mts 
as 1->a5es for the defmition of the axiomatic imits. At llrsi 
the time unit (second) and tlie leixgrii unit (meter) were 
defined in terms of atonuc processes. Tlie uu^tev was re- 
lated to the wavelengtli of the light emitted fron> Ictypton 
atoins due to ceitain electronic tu-ansitions. Ui tiie case 
of the time ui\it, a type of cesium oscillator was chosen. 
The second was defmed by \}, L92,G3 1 ,770 cycles of the 
radiation emitted by electronic transitions botwcMMi two 
hypeifme levels of \he ground state of cesium 133. 

These new defmitions of tfte axiomatic units had a lot 
of advantages over the old ones. The units of lime and 
length were now related to naturid physical coustaut.s. 
This means that everybody in tiie woild can reproduce 
these units without having to use any artifacts and the 
units will be die same al any time ui any places 

For practical reasons, more units were added to the 
base units of the Syst^me International d'l initos» or Inter- 
national System of Units (SI). Presently Uiero arc seven 
base units, two suppiemenLaiy units, and 10 deiived units 
in the SI. The base imits aie listed b". Table I. Tliore is no 
physical necessity for tlie selection of a certain set of base 
units, but only practical reasons, h^ fact, considering iho 
defmillons, only three of the base units— the second, kel- 
vin, and kilogram — are independent, and even the kolvin 
can be deiived from mechanical imits. 
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Table 1 






Dejhufl{»is 


of the Seven Base U)nt.s of the Sysleme Interna lionai dThtites (SI) 


Unit 


Name and Symbol 


Definition 


Uuigth 


merer (m) 


One meter is now defmed as tiie distajice that, light (ravels in vacuum duruig a 
tijne mterval of 1/299792458 second. 


Miuss 


kLl()gram (kg) 


TI1G kilogram is riefmed by the nULSS oiihc international kilogram arliiacl in 
Sevres, R-ance. 


Time 


StH-oiul (s) 


A seeond is deHued by 9,192,n;n,770 cyeles of the radiaiion emitted by \ho ekn-- 
tmnic transition between t-wo li.yi)ert'ine Levels of the gi^ouiKl slate of cesium 133. 


Eloctrical 


ampere (A) 


An ampere is defined as the electrical current produchig a force of 2 x 10 " new- 


Cnrront 




tons per meter of length between two wires of infinite length. 


Temperature 


keKnn (K) 


A kelvirt is defined as 1/273, 16 of the temperature of tJie triple point of water. 


Luminous 


eandela (cd) 


A candela is defined as the luminous intensity of a source that emits jadiaiion 


InlensiU- 




of 540 X 10*^ hertz with an intensity of 1/G83 watt per steradian. 


Amount of 


mole (ni) 


One mole is defmed as tJ^e amount of substance in a system thai contains as 


Substance 




mai^y elementary items as there aie atoms in 0,012 kg of carbon 12, 



Nevertheless, some small distortions remain. Of course, 
all measurements are iniluenced l^y the definitions of the 
axionuU'ic units, and so the vahies of the fundamei'.caJ 
constants in the physical view of the world, such as tl^e 
velocity oC light c, the atomic Hnc struciure consiaiU a, 
Plank's constant h, Klitzing's constant R, and the charge 
of the electron e, have to he changed whenever ijnprove- 
nu^Mts in ineiisurement accniacy can be achieved. 

Tins has led to the idea of relating the axiomatic units 
directly to these fundamental const<mts of nature.^^ In this 
case the values of the fimdamentaJ constants don't change 
at>ymore. The llrst detljiition thai was directly related to 
snch a fundaiuent^d constant of nat.iue was the meter. In 
US^ th(^ best knowi^ measurement value for the velocity 
of lighl c w^LS fixed. Now, instead of changing the value for 
c whenever a better re^ilization of the meter is achieved, 
the meter is defined by the rixad value for c. One meter is 
now doliiiod its tlie distance tl^at hght tmvels h^ a vacumn 
during a time interval of 1/290792458 second. The next 
imi)oit<mt step in this direction could bo to hold the value 
e/h constant ^uid define the voltage by the Joseplison 
effect (S(>e the Ai)i>endix). 

Caiibration and Traceabiiiiv 

According to an international standard, calibration is "the 
set of operations which establish; under specified condi- 
tions, the relationship between the values indicated by the 



measuring instrument and the corresponding known 
values of a measuran(i."'^ In other words, calibration of 
an instiuunent ensures tl^e accuracy of the instrument. 

Of course, no one can know the "reaJ" value of a measu- 
rand. Therefore, it must suffice to have a best approxima- 
tion of tills real value. The quality of the approxunation is 
expressed ir^ terms of the micertaiiUy that is a.ssigned 10 
the apparatius that delivej^ the approximation of the real 
value. For calibration purposes, a measurement alwav^ 
consists of two parts: the value and the assigncnl measure- 
ment unceitai my. 

Tlie apparatus rei)iesonting the )'eal value can be an arii- 
fact. or aiioU^er instnuncnt that itself is calibrat:ed against 
an oven bett.er one. In ai^y case, this best approximation 
to the real value is achieved through the conceiM of //vz/v- 
ah'Uif.y. Traceahility means that a certain measurement is 
related by appro] uiatt^ means to the (irfiindntr of tlu^ unit 
Of the measurauci under question. In other words, we trust 
in our meiismement because we have defined a unit (which 
is expressed through a standard, as shown later), and we 
made our measurement instiiunent conform with (he defi- 
niuon of this miil (within a certain limit of unc(u'iain(y). 

Thus, Ihe first step for agenejrally accepted measuvemen: 
is a definition of Ihe um( in question thai is a<cei)i(Ml by 
eveiybody (or at least by ail people who are relevant for 
our business), and the next stop is an api)aralus thai can 
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n'tt/Lir I his niiir.. This apparal.ns is railed a (primaiy) 
shntflifnl. Whal (loos such an ai)paratiis look liko^? It sim- 
ply bnilHs th(^ dpfinilion in l;hc LX^al world. In tlie case of the 
s(^c(>n(i, tor (^x;nni)lp, l,ho realnnfUyn of l:he unit is given 
by crsiun; atoms in a microwave cavity, which is used to 
<onin)I an (^[(Hiiical osciUator. The roali'/alion of i:ho sec- 
ond is i he most accurato ol'all imits in rht SI. Pvescnl.ly, 
un<criainfioH of 3 x 10"^'* are acl\icved.^ The easiest real- 
i/alion is iluu of I he kilogiam, which is c>q:)rcssecl by the 
infernauonal kilogram artifact of platinum Liidium alloy 
in Sevres m^ar l\\ris. The accm^acy of this reah^^ation is 
(^xcellenr. bo^cause the artifact is the unit, but if tlie arti- 
fact chanj^es, the unit also changes. Unfoitnnately, the 
mass of the artifaci changes on the cider of 10'^' kg per 
yea I"/' 

Representatiofi and Dissemination 

National laboratojies (Yikt l^B In Gemiaiiy or NIST m Uie 
r.S.A.) are responsible for lUe reaUzation ofllio imits in 
the iVainowork of the treaty of the meter. Since there can 
be (inly one instiUitiun responsible for the realization, the 
national lal)oratones must disseminate the units to anyone 
who is inten\sred in accurate measurement's. Most of the 
n^ah'/int^ t^xpeiimeuLs ar(^ raUier coniplicated ^nd some- 
tinges can be maintained for only a shoit time with an 
apjuopiiale a.ccuracy. Thus, for the dissewinatinn of the 
unit, an easy-io-handle repres^'ufnlioiL of the unit is used. 
TlK\se 1 epres(^ntations have values that are traceable to 
the reahzing ex]3erinients through !.r(wsl'(:r i}wa-svr(mfen(s. 
New developments in metrology allow the representation 
of somt^ units as quantum suindaixls, so in some cases the 
retdizaticni of a unit has a l\igher unceitainty thmi its rep- 
resentation. In the Appendix this effect is disciussed for 
ih(^ (^xample of electrical units. 

Once the representation of a unit is available, the caJibra- 
lion chain can be extended. The ropresentafions caj\ be 
dui>licaicd and distributed t;o institutions tliat iiave a need 
tor sucli secondaiy standards. In some cases, a re|.)rcsen' 
laiion can be used directly l:o cahbraie general-pujpose 
IxMich instrui."i^ems. hi the case of olechical \Lnirs, the rep- 
resenlalions are used i;o calibrate liighly soplusticated 
ealibration inslrumenrs. wliich allow f-ully automatic cah- 
bralion of a device under test, including the nocessai;y 
i(^])orting.'' 

Alilu)u,<ih the calibratitMi chain described above is a very 
conunon and the most accepted luelhod oJ providing 



tmceabilityj it is only one among ot tiers. Another method 
of providing traccability involves c(nuparing against nat- 
ural physical constants. A ccrcain property of a ]>hyyicat 
system is measuied with the device imder icsi (1)1 'Tj and 
the reading of the device is comjjared against ilie known 
value of this property. For example, a wavelength mca- 
surcmcnl instnnnent c^m be used to measiu'e the wave- 
length of the light emitted fion^ a molectile as a result of 
a certain elcctrorJc transition. The leading of the instru- 
ment can easily be compared agaiiist the listed values for 
rhis transition. This method of providing Urac:eability has 
some advantages. It is not necessary to have ij\-house 
standards, which have to bo locajibrated regidarjy, i\n(} 
in piinciple, the physic^U constant is available everywhere 
iu the world at all onacs \\i\}\ a fixed value. However, a 
fundainenud issue is to del:ennin(^ what is c{)nsid(Med (o 
be a natural physical constant. Of course tliere ar(^ the 
weU-knov\Ti fundamentaJ consUmts: the velocity of light, 
Planck's constant, the hyperllne constimt, the tripk^ point 
of vvatei; and so forth, but for cahbration purpost\s m^my 
more values are us(mI. In liixiraXiue some rather compli- 
cated definitiot\s ciin be fomid.'^ We'll try a simple defini- 
tion here: a natui^al physical constant is a propcuiy of a 
physical system Uic vtdtie of which either does not change 
under reasonable environmental conditions or changes 
only by an amotmt that is negligible compared to \\w 
desired unceitainty' of the calibration. Reasonable in tliis 
context means moderate temperatures (-;'^0 to lOO'^CO. 
weak electromagnetic fields (order of millileskis), and so 
forth. 

Scmiewhat different from the two methods described 
above are ra(io-tyi:)e measurements asing self-calibrating 
tecluiigues. An example of this (echniqne will he (U^scribc^d 
m the next section. 

(aiihratioii of Optical InsiriinicMit^i 

hn this section we desciibe the calibration procednies and 
ih(i related traceability concepts of sonie of tlie opiical 
measurement instruments pro<luced by HR hi contiast to 
the calibration of electrical mstnunents lik(^ volimetiM-s, it 
is nearly impossible to fuul turnl<ey solutions for calibra- 
tion systems for optical insuunients. Becaus*^ optical Gber 
communicaUons is a new and developing field, Uie inea- 
.surement needs are changing rapidly and often the staj\- 
dardizatiou effoits cannot, kec]) pace. 
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Calibration of Optical Power Meter:' 

TIk^ basic instnimoni in optical nb('^r conimunicauon^i [^ 
the o]>liral power meier. Like n^ost commerdaJ power 
mero)*s used for telecommunications applications, the 
] fP Hir^JA iiower meter is based on stMniconducLor photX5- 
diodes. Its main piupose is to measure opticaJ power^ 
so the mosL im]3ortant parameter is the optical power 
accuracy. 

Figure I illvislrates live calibi-atiou chain for HP's power 
metei"s. This is an example of the u-aceability concept of 
an unbroken chiiin of calibrations. It staits with the pn- 
mary slandaj'd at tJ\e Physikalisch Teclinischi? Bundfts- 
ansiall (PTB) h\ Geniiany. As cliscLissed in the previous 
s(Hlious, The chain luis to start with tJv^ derinit:ion of tiie 
luiit. Since we waiU to measiu*e power, tlie unit is tl^e 
watt, which is dellned to be IW = (l n^sJCl kg-nVs-). 



Figure 1 

The cafibraiion chain for the HP 8153A optical power meter. 
This is an example of calibration against a national stan- 
dard tPTBl In addition, the HP working standards are cali- 
brated at NISTin the U.S.A. Thus the calibrations carried 
out with these working standards are also traceable to the 
U.S. national standard. HP also participates in worldwide 
comparisons of working standards. This provides data 
about the relation between HP's standards and standards 
of other laborawries in the world. 
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Thus, tlie oprical power nuist be related to mechanical 
powftr. Normally such a primaj'y standard is renh/ed by 
an elecuicaUy calibrated radiometer. The prmciple is 
sketched in Figure 2. The optical power is absorbed 
(totally, in the ideal case) and heats up a heat sink. Then 
the optical power is replaced by an applied electrical 
power that is conholled so Uiat the heat sink remains at 
tlie same temperature as with the optical power applied. 
(Tlie electrical power is related to mechajiical units, as 
shown in tl^c AppendiK.) Ln this Ci^e the dissipated elec- 
tricaJ power P^] is equal to (he absorbed optical power 
P(,pi and can easily be calculated from Llie voltage V and 
the electrical ciurent I: 

Pnpt = V] = P,i. 

A.S always, in practice the measurenieni is much more 
complicated. Only a few complications aie miMUioned h(^re; 
more details can be found m textbooks on radiometn':'-^ 

Not ail light emitted by the source lo bo measured is 
absorbed by the detector (a true black body does not 
exist on earth), 

•- Tlie heat transfer from the electrical heater is not (he 
same as from tlie absorbing surface. 

The lead-in wires for the heatei-s are elect ricid resistors 
ajxl therefore also contribute to healing the siitk. 

For tJ^ese and other reasons an accurate measujcmenl 
reqirires very cai*efiU experimental tecliJiique. Tlierefoi'{\ 



Figutx^ 2 

Principle of an absolute radiometer (electrically calibrated 
rddiometerl The radiant power is measured by generating 
an equal heat by electrical power The heat is measured 
with the thermopile as an accurate temperature sensor 
The optical radiation is chopped to allow control for equal 
heating of the absorber: the electrical heater is on when 
the optical beam is switched off by the chopper and \/ice 
versa. 



Electric Heater 



'^m 



Absorber 
(HeatSInk) 



Pel= VI 



Thermopile 



o 



Au^usi 1998* The H^wlell-Packard Journal 



Figure '•] 

Typical wavelength dependence of common photodiodes. 
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foi" dissenimation, the optical watt \s normally transferred 
to a secondary standard, such as a tl^cm^opile. To keep 
(he transtVr uncertainly low ii is ijiiporlant thai Lhis trans- 
fer s1:iindard have a very flat wavelength dependence, be- 
cause the ncxi elcnicnt In \hc chain — the phoujdjode — 
can also oxhibii: a strong wavelength dependence (see 
Figure 3). 

Normally, absolute power is calibrated at one re/eiencc 
vvavolengih, and all orher wavelengths ai'e characterized 



by their relative rcsponsivities. that is, by the dependence 
of the electrical output signal on the wavelength ofai^ 
optical input signal at constant power. Because of all the 
experimental problems related Co traceability from optical 
to electrical (and tJierefore mechanical) power, an abso- 
lute power u nee ilaint'y of 1% is hard to achieve. To keep 
t)\G transfer uncertiiinties from PTR to the MP calibration 
lab as low as possible, IIP uses an electrically calibrated 
radion^eter as the fu-sl device in its internal calibration 
chain. 

For the selection ofaccrtaiit wavelength, a wliite light 
source in combination witl\ a grating-based n\onocl\ronia- 
tor is used (see Figure 4). Tlus solution has some advan- 
tages ovei- a laser-based method: 

A continuous spectnmi is available over a veicy large 
wavelengtli range (from irv to the faj- ]K). leasers emit 
light only at discrete lines or the tmung range is lijruted 
to a few lens of nanometers. 

A timgsten lamp is a classical light som'ce that exhibit.s 
almost no coherence effecrs. 

s The power can be kept relatively flat o\'er a large wave- 
length range. 

The output beam is only weakly polarized. 



Figun^ I 

Calibration setup for absolute power calibration. The monochromator is used to select [he wavelength out of the quasicontinu- 
ous spectrum of the halogen lamp. The output power as a function of wavelsngih is first measured with the working standard 
and then compared with the results of the meter under test. The deviation is used to calculaiB correction factors that are stored 
in the nonvolatile memory of the meter. 
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As ill ways, in practice there are some disadvantages that 
make k) inonocbvomator system an unusual tool: 

^ A monochi'on\ator Ls an imaging system^ cl\at is, external 
optics ai'c necossiuy lo bring rhe light into a fiber or onto 
a largt^-area deiocLor. 

5 Av^iilable power is rather low compared to the power 
lcv(^]s available tVom telecommunications tasers. 'LVT)i- 
cally 10 ^tW is achieved in an open-beam application, 
but the power lev(>l Ihai can be coupled into a fiber 
may be 30 c!B less. 

f B(* cause a nionochi'omator is a n\echanjcal t/)ol, a wave- 
length sweep is rather slow. This can give rise to power 
stability problems. 

' Ol'Uni the optical conditions during calibration aie quite 
diflerent tVom the usual DUT's application. This leads to 
liigJier uncertainties, whicli must be determined by m\ 
unceiiainty analysis. 

Tims, setiing u)) a monocluomatov-b^used calibration sys- 
tem is not without probleiifis. Ncveitheless, for absolute 
power cnlihration ovei* a range of wavelengths it is rhe 
tool of choice. The calibration is cajiiied out by c:ompajing 
the reading of the DTjT at a ceitaJn wavelengtli with the 
rc^adiug of the working standaicl at this wavolenglh, Tl^e 
dc^nation bctv^'een the t^vvo readings yields a correction 
factor tlKii is wriixen into the nonvolatile memoiy of the 
DUT. hi (he ciise of the delc^tors for the IIP S153A jjower 
meter the wavelength is swept in steps of 10 nm over the 
whole wavelength range. The suitable wavelengtj^ range 
depends on the detector teciu\ology. For vvavclengths 
between two cajibralion points, the correction factor is 
obtained by appropriate mtetpolation algoiithjms. After 
the absolute i)ower calibration is finished, tlie instnm^ent 
can deliver concn-t i)owcr readings at any wavelength. 

CdiiLruiion uf Towvu: L:nii^ 

Tlve procediu'e described above calibrates only the wave- 
length axis of the optical power meter. How accurate are 
power measiueme)Ms at povvcrs that do not coincide vvith 
ihc. power selected for tlie wavelength calibration? Tltis 
(lueslion is answcTed by rhe linearity calibration. 

State-of-ihe-ajl power meters ai-e capaj^le of measuring 
l)ow(*rs with adyi^amic raitge as high as 100 dB or more. 
Ideally, the reacUngs .^hould be accurate at each power 
level. If one doubles i he input power, the reading should 
also double. A lineiu iiy calibration can reveal whether 



tlus is really the case. Tlie lineajity of the power meter is 
directly related to the accLiracy of relative power measure^ 
ments such as loss merisuicments, 

Tl^ere ajc several leasons for nonlineaiity in photode tec- 
tors. At po Wei's higher tl^an about 1 mW. the phoiodiode 
itself may become nonlinear because of satxiralion effects. 
Nonlincarities at lower poweis are normally caused by 
the electi'onics that evaluate the diode signal, huernal 
amplifiers ai-e common sources of nonlinearity; their 
gains must be acijusted properly to avoid discontinuities 
when switclting between power ranges. Analog-to-digital 
coiweriers can also be the reason for nonlincarities, 

Iji a weU-designed power meter the noiilineaiities induced 
by the electroi^ics arc veiy small. Thus, the nonlinearity of 
a good ijiscmment is neai- zei'o, which n^akes it quitc^ diffi- 
cult to measure with a smalJ unceiiainty. Indeed, oftiMi ihe 
measiuement uncertainty exceeds the nonlincatity. 

The liucai-ity calibration of HP powei' metei-s is ;m exami)le 
of a self-calibration technique.'''^^^ The nontineariiy NL al 
a ceitain power level P>^ Ls defined as: 



KL = 



T.vC 



^rcl' 



where r= D/P is the power meter's jes]:ton.sc' to an opiical 
stimulation, with D being the displayed power and P tht^ 
incident power The subscript jef indicates a leference 
power level, which can be arbitrarUy selected. Replacing 
the responsivity r by D/P. the nonlineanty can be written 
as; 



NL = 



I),,r/P 



- 1 == 



Iff 



I).vf Px 



rot. 



- I. 



This can now be compajed vialh die enor for a loss n\ea- 
smen^ent. Loss means the ratio betwe(Mi two pow(>r le\el.s 
Pi and P2. Let D\ and D2 be the corresponding displayed 
power levels, and define the real loss RL= Pi/Pi> and ilu^ 
displayed loss DL - Dj/D^. The loss en'or Lf] is given by 
the relative difference between RLand DL: 



LE 



_ DL - RL _ DL 



D, 



RL 



RL ^ n2P| 



- 1. 



It is evident tliat if one selects Pi as reference power, the 
loss error is giveii by the nonlinearity at Px = P^- ^ Pi '^ 
different from the reference power Pj-^.j Ihe statemc^it is 
still valid to a fu'st-order approxin^arion. Tlie botiom line 
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Setup for the self-cdHbrating method of linearity calibration. 
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is ihat in ivlativc power measmenK^nrs like insonion loss 
or bir error rale icsts, linearity is the impoitant property. 

Thesriup lor l.his self-calibiaUon iechni(iue is^hown in 
Figui-e 5. Pirsl:. attenuator A is used to select a certain 
[jovver P;,, which is f^nided thiough opiic:aJ pMh A to the 
power niehM* inide)* test. The coiresponding power reading 
\h rccordi^d. Then artenuator A is closed and the same 
power as iK'fore is selected wiili attenuator G, resulting in 
a power reading Ph. Now both attenuators aje opened, 
and I he rcsulring reading P(. should be nearly rhe sum 
of P;, and P), (see Figure 6). Ajiy deviation is recorded 
as nonlinearity. Using (he smwe notation as before, the 
disp!ay<^d loss DL is given by: 



IJL - 









The real loss RL c^an be calculated by adding the Iw^o first 

readings: 



ni = 



Pu + Pb ^ Pa + P |) 
Pa Pb ■ 



Because P;, and P\, are selected to be equal, the non- 
iir\earity NL is: 



DL ^ Pc P. 
RL P„P, + P|, 



Pc H,. ^ P.- 

lata"'" Pu ''^l p 



Figure G 

The powers selected for the self-calibration procedure. 
The entire power range i$ calibrated in S-dB steps. 
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The last term on {he right side expresses Uie nonlinearity 
onJy in (ern^s of values t.l\ai are measured by the instrii- 
meni luider ttvsi. 'i'ius means the calibradon can be carried 
out. without a standard instTiimeTit. Of com^e. it wouJd also 
be possible \o jneasure the real loss RL with a suudard 
iiislJTmient tl^al wtisiusclf cahbratcd fornorLlineailty by 
a national laboratory. In m\y case, siich a self-calibrating 
technique has a lot of adva^itages. There is no standaid 
that nuKst, be shipped for i^ecalibration at regular inLciva]s, 
vs'hosi^ de[>endenci(\s on c^xlenuiJ influeoces and aging con- 
Ij'ibure to the unceHaLuty of the calibration process, and 
that could be damaged, yielding erroneous calibrations. 

Calibration of Laser Sources 

The last example will deal with calibration against natural 
physicaJ consfante and will be itsed to make some len^arks 
about ihe dnieiTulnation of luicertauuies. Having dealt 
with optical power sensors wc wii) now focus on sources. 

T\w most conunonly used source in optical comjnunica- 
tions is iJie semiconductor lase)' diode. Only a few yeai^ 
ago> the exact wavelength emitted by the hisers was not 
so imporfant. Three wavelength vvindows were widely 
used: around 850 imi, 1300 nm, and 1550 nm. 850 nm 
was chosen pragmatically; the first available laser diodes 
emitted at this wavelength. At 1300 nm, pber pidse broad- 
enmg is lYurujmaJ iji siandaixl fibers, allowing the highest 
b^uulwidth, aj\d at 1550 nm, Tiber loss is mh\imum. As long 
ius a fiber link oi* network operated at only one wave- 
length, as was mainly the case in recent years, aj^d all its 
components exhibited only weak wavelength dependence, 
rhe exact wavelength was not of gi^eat interest. An accura- 
cy of about 1 run or even worse was good enough. Indeed, 
a lot of laser sources are specifiGd with an accuracy of 
±10nm. 

Ttie situation changed completely witl^ the advent of 
wav(^l(M^gLlvdivision muJUploxing (WDM). This means iJiat 
several different wavelengths (i.e., colors) are transmitted 
over one link at the same time, allowing an increase in 
bandwidth wirhoui Imrying new fibers. Since thi^ single 
channels are separated by only 1.6 or 0.8 nm, one csax 
easily imagine that wavelengl;h accuracy becomes very 
important. Today wavelengili accuracy on the order of 
a few picometers Is reqtiired for WDM applications. Tl^e 
task of i)roviding such wavelength accuracy for tunable 
Uiser sources lil<e tJie KP 8168 Series is quite challenging. 



Figure 7 



Principle of the Michelson interferometQr. A coherent beam is 
split by a bsam splitter and directed into two different arms. 
After reflection at the fixed and mo\/able mirrors, the super- 
position of the two boams is detected by a photodetoctor. 
Because the two beams are coherent, the superposition will 
give rise to an interference term in the intensity sum. Thus, 
moving tlie movable mirror will cause the intensity detected 
by the detector to exhibit minima 3t)d maxima. The distance 
between two maxima corresponds to a displacement of A/2 
of the movable mirror, where A is the wavelength of the laser 
source, f\Aedsurmg the necessary displacement to produce, 
say, ten maxima will allow a direct determination of the wave- 
length. 
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The accuracy should be the same over the whole wave- 
length range. The first question is how waveUMigth is 
measmed. 

Hist, it- should be cleai- that waveleugtli means vacuum 
wavelength, which is effectively tiie frequency. Lnfortu- 
nateJy, the wavelength of light varies under a change of 
the refractive index of the nuiterial it i)a.sses through. 
The tools for measuring nanometer distances are inier- 
fcrometers. Most of the com.inercialJy available wave- 
length meters are based either on die Michelson interfer- 
ometer or the Kahry-Perot interferometer.'^ We will focus 
on the Michelson tectmiQue here. 

The principle of the Michelson interferometer i.s shown 
\y\ Fi^re 7. The challenge in iJie ca.se of the Michelson 
interferometer is to measure the shift of the movable 
minor. The required uncert.ainty of a few pm cannot, of 
course, be achieved by mechamcal means. Instead, the 
interference paticni produced by light with a known 
wavelength is compared to the pattern of i he unknown 
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soinco and by comparison the unknown wavelength can 
bv cak-iilaUHl. The known light soune is used hc^re as a 
natural ]:>hysical constant. Of course, the wavelength of 
this source nuisi be independeui of external iniluences. 
A stabilised He-Ne laser is often used because the central 
wavchMigth of its 6:33-nn\ uansition is weil-knowi\ and 
there are several methods of stabilixing the liiser wave- 
leni^th to an accuracy of fractions of I pni. Thus, such an 
interferonuMer-bascd wavelength meter is The ideal tool 
to calibiaie a laser source loi" wavelength acciuacy. 

As intMil ioned above, every measurement consists of two 
paris: Ihe measui-ement value and the coiresponding un- 
certainty. The unccniointy of a specific measureTnent is 
esiimat(^d by a (U'biiled uncertalaty analysis.'^ As an ex- 
ample. Table 11 shows a fictitious imcertainty calcolataon 
i'nv mt^asurin.ii tlie vacumn wavelength of a laser source 
with a MJchelson iiUerfero meter in normal aii'. As showm. 
all relevant influences liave to be liiSted ajid theii" individual 
coutribtUions summed. The most diffic\Ui part Ls the 
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determj nation of the values of the contiibiiticms. For stvV 
tLstical reasons, the sum is gained by a rool -sum-square 
algoiitlim. Tliis unceiTainty caJculation is the most impor- 
tant pait of a caiibraUon. The quality of (he iiistnmient to 
l^e caUbrated is deten^iined by the results of this iiualysis. 
In the case of a calibration pi ocoss iit a production envi- 
rorunent. the specifLcations for all instrmiK^nl.s sold depend 
on it. 

In Table IT, the vuKeitainty caused by influences from the 
source nji>der Lest is considered to be rectangulmiy dis- 
tributed. T)\us, the standard de\'iation is 1/^3 Ihnes the 
uncertainty. In all other cases the stiuulaid deviation is 
la>own and a Gaussian dislribmion can be a.ssumed. Tins 
leads to an unceitainty of t-wo tunes the standard devi- 
ation at acoaOdence level of 95%. The Edlen equation is 
an analytical exiM-ession that describes the dei)endence 
of the refractive index of air on cnvuoivmental conditioi\s 
like temperature and humidity. 

ITsveSsDCilh or Freauencv? 

Hnally, we'll consider the relation between wavelength 
and frequeitcy. Because the definition of the meter is 
related to the definition of time and therefore frequency 
(and moreover, tlie frequency of Light is invariant under 
all cKternal conditions) it seen^s tliat it might be better 
to measure ihe frequency of the liglM. enutted by a laser 
source rather than its wavelcngih. 

It is now possible to measure a frctiiiency of around 
JOO THz (iO^"* Hz). About two years ago, researchers 
f)On\ PTB sticcccded in coupling the I'rcqnency of a laser 
emilting at 657 nm dijectly to the priniaiy time standaixl 
(a Cesium clock as mentioned above) which oscillates at 
1) GK'/..^^^ Tlijs coupled laser is a realization of a vacuum 
wavelength standai'd (and theretbre a n^eter st;uuUiid) 
wjiich currently has An luiequaled uucorlainly of Ox 10" '''^. 

IJnfoilunately, tliis method of du-ecLly measuring the 
frequency of light is very difficult, time-consuming, and 
expensive, so only a few laboratories in the world arc^ able 
to cany it out. Thus, for the time being, wavelength Mill 
remain the parameter to be c^Uibrated iitstead of fre<iucncy. 
Nevertheless, tl^is is a good example of how hvely Ihe 
science of metrology is today 
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Additional information about the HP lightwave products 
described in this article can be found at: , 

http;//www.tmo.hp.com/tmo/daTasheets/Encjlish/HP81 53A.html 

htTp://www.tmo.hp.com/tmo/datasheets/English/HP8168E.htnnl 

http://www,tmo.hp.cotn/tnno/datasheets/English/HP81 68F.html 

hltp://www.tm.o.hp.com/tmo/datasheets/English/H P8156A.html 
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Appoiiflix: Realization of Kloctrical Units 



A lot of measurements today are carried oui using oleclrical sen- 
^;ors. Therefore, it is important to know how the electrical units are 
realized and relnicd to the mechanical quantities in the Systeme 
Inturn.iiional d'UnitesfSili.. In optical fiber communication all power 
measurements use electrical sensors. 

Histofically, the electrical units are represented by the ampere 
among the f^,Gven SI base units. Unfonunately. it is not easy to 
build an experiment that feali;.es the definition of the ampere 
in the S! (see Table I on page 19}. It is disseminated using stan- 
dards tor voltage and resistance using Ohm's law. Nevertheless, 
there is a realiA'iiion for the ampere (see the current balance in 
Figure 1). 

A coil carrying a nurront 1 exhibits a force F in the axial directinn 
(z directionli if it is placed m an external inhomogeneous magnetic 
field H (F o< fMyydi) The force is measured by compensating the 
force with an apnrnpriate mass on a balance Tlie unce^'tainty ol 
such a realization is around 10^^. the least accurate realization of 
ail SI oase uniis. 

A siniiiar principle is used for the realization of the volt, which is 
not a base but a derived SI unit. For realization one uses the fol- 
lowing relation which can be derived from the SI definition of the 

voltage V(1 voIl= 1 v^art /amperel: 

W - V ■ I • t 



or 



Fii^iin* 1 

Principle of a current balance. The force experienced by 
the inner coil is compensated by an appropriate mass on 
the balance. 



o 
o 
o 

CI 



H 







V = 



w 



This expression results from the energy W that is stored in a 
capacitor that carries a electrical charge l-t. in this case one mea- 
sures the force that is necessary to displact: one capacitor niatu 
in the direction perpendicular to the plate (F - 9W/3z). Again the 
accuracy is about 10"^. The approximate uncertainties in realloca- 
tion and representation of some SI units are listed in Table I. 



Table I 

Uncertainty of reslization and representation of selected units 
of the SI system. Note that ihn represonlalian of the voltage 
unit has a lower uncertainty than its redliiatton. 



Unit 

kilogram 
meter 
second 
volt 



Uncertainty of 
Realization 



1x10"'^ 

1x10-"^ 



Uncertainty of 
Representation 

8x10^^ 

3x10"'^ 

1xlO"i^ 
5xl0"^0 



However, in contrast to the ampere, for the volt there is a highly 
accurate method of representing the unit: the Josephson effect. 
The Josephson effect is a macroscopic quantum effect and cun be 
fully understood only in terms of quantum physics. Only a brief 
description will be given here. 

A Josephson element consists of two superconducting contacts 
that are separated by a small insulator. Astonishingly, there is an 
electrical dc current through this junction v\,ithout any volragu drop 
across the junction. This is the dc Josephson eiTect. It one now 
applies an additional dc voltage at the junc.ion, one observes an 
additional ac current with a frequency f that depends only on the 
applied dc voltage V and the fundamental constants e (charge of 
the electronl and h (Planck's constant): 

f = M 

h ■ 

This effect can be used to reproduce a dc voltage with very high 
accuracy. One applies a dc voltage V and a microwave frequency f 
at the junction and observes a superconducting mixed current with 
ac and dc components. For certain voltages, and only for these 



A:..(iu\l ]9'^&» rhtHowlr-ll P^icKird JOu(nal 



o 



voltages, there is a resulting dc current in the time average. The 
condition is; 



V - nf 



2e' 



n = 0.1,2,. 



The uncertainty in reproJucing a certain voltage V thus depends 
only on the uncertainty of f As shown above, rime and therefore 
frequeiicy can be reproduced very accurately, One only has to con- 
trol the microwave oscillator with a Cesium time standard. With 



this setup, an accuracy of 5 x 10 " ^^ is achievable in the represen- 
tation of the voltage unit, which is about 10,000 times belte^ ihen 
the accuracy in reali/.ation— really a strange situation, 

One solution would be tn fix the value for e/h, similar rn what \ms> 
done for the new definition of the nieier by hnldiny the value for c 
constant. It would then be possible to replace the ampere as an Si 
base unit by the volt and define tlie volt using the Josephson effect 
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Techniques for Higher-Performance Boolean 
Equivalence Verification 



Harry D. Foster 




The techniques and algorithms presented in this paper are a result of six years' 
experience in researching, dnvelopmg. and integrating Boolean equivalence 
verification inio the HP Convex Division's ASIC design flow We have discovered 
that a high-performance equivalence checker is attainable through careful 
memory management, the use of bus grouping techniques during the 
RTL'to-equalion translation process, hierarchical to flat name mapping 
considerations, subequivalence point cone partitioning, solving the false 
negative verification problem, and building minimal binary decision diagrams. 



Harry D. Foster 

ILnry P'oslrrjnincfl ll^o 
HP Couvox T)i\ision in 
].!JS!i ;iftcr ro<-civinK his 
MSl'S (l)'i^ri'(' rn)ni ihr [liiivi'i-sii.y ofToxas. 
,\ji i'n,i>iiii.M'r/sc Mt;!ilis(. he \\i\s liccn ve^onNll)lp 
(or CAD rr>{>l )"i'St':irrl\aii(l drvolnpiuonl. Ibniml 
xri-iru-aiinn. ivsyiillicsis, aiui m rtock Ircc 
lnuldor. Boiui'i' c"iiiiii« lo IIP, he worked at. 
Tt'KiLs iMsiniiiuMils, l(r was hinn in rir(-licsti;\, 
M:»iyl:ind. niid liki's Iravt^'linji, woigl^i UTiJniiiy. 
:iM<l inlinr sknlinil. 



I 



.n 19G5 Gordon Moore obseivod that i.l^e compiexJLy and (l(^nsily of ihp 
siJi<':on chip had dovihled evoiy ycai since iis miroduclion, ;iik1 occompanyiag 
11^15 cycle was a piopoilional reduction in cost. He iho.w bol^Uy predicled — what 
is now relencd to a<> Mooe's Law — that tJiis technology Mend would continue. 
The ])enod ror tJiJs cycle was later revised to 18 monlJis. Yet the perionuance 
of sinnilai-oi-s, {^^e )uain irrocess for vciilVmg integraUid circuit design, has not 
kepL pace with this silicon density ij-end. In fact, as transistor counts continue 
to increase along the Moore's kiw cun^n, and ^is tJ\e desig^n process tj-ansi lions 
fron^ a higher-level RTL f Register Transfer Language) description U) iis gale- 
leve] LnipLementacion, sinudaiion performance quickly becomes the major 
bottleneck in the design flow. 

In 1990, the IIP Convex Division was designing high porfonnance systems that 
used ASICs with gate counts on the order of 100.000 raw gates. Dumig this 
period the MP Convex Divjs)o)i used a t.l\ird-parly sinmlator for t)otli HTfi and 
gate-level venilcation. This simulator had the distinction of heing the fastest 
RTL sinmlator on rhe market, bul il alsosufiered the n\isfortune of l)eing one 
of the maiket's slowest gate-level simulators in ouj' enviromnent. Hence. 
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riinnkig gatjC-level simulations quickly becanae a major 
bottleneck in the HP Conviix Division system design flow. 
In addition, those regression simulations could not com- 
pletely gnarajuee equivalence betAveen tl^e Bnal gate-level 
implementation and its original RTL specification. This 
resulted in a jack of conQdence in the Emai design. 

To address these pioblems, die IfP Convex Division hegai^ 
researching alternative methods to regression simiQationj 
rcisulting in a liigh-peiformancc equivalence checker 
known as lover (LOgic VERifier). 

Today, the HP Conv(>K Division is deliveru^g high-perfor- 
mance sys(ems built with 0,35-^m CMOS ASICs having on 
the order of 1.1 niiUion raw gates.' lover has successfully 
kept pace with today's silicon <len5iicy grovvtli, and has 
completely elbiunated the need for gaie-levei regiession 
simidations. Our very large system-level sinuilations are 
now performed entirely at tl\e f^ister RTL Jevd when com- 
bining tke vai'ious ASIC models. This Lias been made pos- 
sible by incorporating our high-performance equivalence 
checker into our design flow. We now have conJDdence 
thai om" gate-level implenrcntation completely matches 
its RTLdesciiption. 

I- .quivalance Requiremsnts 

Our experiejtce has been that last-mijni\te hand tweaks in 
the Hnal placc-and-route netlist require a f[uick and simple 
verification process that can handle a complete chip 
RTly-t.o-gate comparison. Such hand tweaks, and all hand- 
generaled gat(^s, ar(^ where most logic enoi-s aie inadvei- 
tently ij\seited into the design. The following list of re- 
quirements drove the development of the HP Convex 
Division's luglvperfonnajKe equivalence checker 

• Must s\ipport RTL-ro-RTL (flat and hierarchical) 
comparisons during the early development phase. 

Must snpporl both synthesizable and nonsynthesizable 
VeriJog RTL constructs for RTL-to-gate comparisons. 

Must support a sinipJe one-step process for comparison 
of the coniplele chip design (RTl^to-gate, gatc-to-gate, 
hierarchical-to-flat). 

Musf suppojt the same Verilog constiiicts and pohcies 
defined for the entire IIP Convex Division design flow 
(^from our {-yclo-based simulator to our placc-aud-route 
tools), along with slaj^daid Verilog Ubraiies. 



BcKilean Equivalenee Verification 

BoolCiUi equivalence veriTication is a techiuque of mathe- 
matically proving that two design models are logically 
equivalent (e.g., a liieraiclticai RTL description and a flat 
gate-level netlist). This is accomplished by the following 
steps: 

1. Compile the two designs. Convert a higher-level Verilog 
RTL st:>eciJ1cation ijiro a set of lower- level equations and 
State pomts, which are represented in some internal data 
structure format. For a structural or gate-level implemcji- 
tarion, the process includes lesolvLi^g instance references 
before generating equations. 

2. Idenilfy equivalence points. Identify a set of contioUa- 
bUity and obseivability cross-design relationships. These 
relatioiisj^ips are referred to as equivalence points, and 
at a minimum consist of pinjnary inputs, primary ouMmts, 
and register or state boundaries. 

3. Verify equivalence. Verify the logical equivalence 
between each paii' of obscivability points by evaluating 
the following equivalence eqiialion: 



-(miCxOffim^CxO) V (xj n D,(x)) - 1. 



(I) 



hi IJie equivalence equation (equation 1), -> is the prop(j- 
sitJonal logic NOT or negadon operator, v Ls the proposi- 
tional logic OR or di^unctiou operator, GD is the Boolean 
XOR operator, fl is the set mtcrsection operator, mi repre- 
sents the logic expression (or cone of logic'^) for an ob- 
sei-vabllity equivalence point found in (iesign model 1. and 
m2 is the expression for tlie corresponding point fomid in 
design model 2. The vaiiables x\ are the cone's in])ui or 
controllability equivalence points for both models' logic 
expressions. Finally, Di^(K) is known as the doi'l anv sci 
for the equivalence point e, ai>d consists of ail possible 
values of X for which tJic logical expressioiLS nij and m^ 
do not have to match. Figure 1 graphically illusiraies tlu^ 
process of proving equivalence between two obsetvability 
etjuivalcnce points. 

Another way to view Figure 1 is to observe that if a com- 
bbiation of Xj can be fomul that results in mi(Xi) evahiating 
to a (.bfferent value than mo(Xj), and xj is nctt <H>ntain(^d 
witlrjn the don't care set D^^.(x), then the two models are 

A cone of logic is :hc set ut gales or sube)(|jressiuiis llial fan intQusr;',ili!tK);n!. iiilliiM;5 
regjsier or an equation vanohle 
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Proving equivalence. 






X4 
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Equivalence Point 
' for Model 1 



Equivalence Potm 
fojModol2 



Equal? 



Defxi, xj, X3, Xi) Don't Care Sei 



foiinally |M-ov(Mi differenl; by the foUowing nrmequivaleuce 
f'f]it(f{if)n: 



(m](>^i)©iU2(xi)) A -(xiflDoCx)) = 1, 



(2) 



wIuMo A is the pi'opuiiicional logic AND or conjunction 
oponitor. Finding an Xj that will satisfy Ihc noneqniva- 
Iciu.r (xination, equalion 2, is NP-coinpleLe.'^= In generaJj 
(letnniinin.i^ fM|uiva]once betwoi^n two Boolean expres- 
sions is NP-conipUMc. This n\eans. as Br>'anL- points outj 
that a solution's tinn^ complexity (in the worst case) will 
i\v()\\' exponentially witli tlic size of U\C problem. 

Instead ul' tiying to deteniwe inequalit;y by funding a value 
tor X (hai saiisfios the nonequivalence eQuation, abctor 
solution is to deternm\e the equality of m\ and nv2 tl^rough 

a specific or unique symbolic or graphical representation, 
such as an orfl('rfu/-n'f hired hi.nury decision diagram 
(OBDD). 

Oraered-Reduced Binary Decision Diagrams 

Aji ordered -reduced binaiy decision diagram (OBDD) is a 
directed acyclie '^n\\)\\ represenuition of a Booledm fmic- 
tion.- The Lmi<iue characteristic of an OBDD is that it is a 
canonicaMorm represontatiou of a Boolean function, 
vvliicli means that the Lwo equations mi and m2 in oui' 
pievious example will have i^xacrly die smne OBDD rep- 
n^sentalion when they are equivalent. Tliis is always true 
If a connnoTi ordering of the controJlability equivalence 
points is ustMJ lo construct the OBDDs for x\\\ and m2- 

Choosing an equivalence point inpui ordering can. in 
sotne cas(^s. influence the resulting size of the OBDD- 
In addition, finding an optin\al ordeiing of equivalence 

' All NP-cOiiipkMti ill i.ii MP-coinijluiK probtem is h I'felntively nnrai.ioblft problem retiuiring 
till eniJoneniial lime tc;f its y.ululiim See retereitci?! 3. 



Figure 2 

OBDD (ordered-reduced binary decision diagram) witii 
good ordering. 



o 



(a&d)ltb&c) 



points in an attempt to minimize an (!)BDD is iKsclf a 
co-NP-complete problem.'^'"-^ However, for most cases it is 
onJy necessary to find a good ordering, or simply one that 
worlcs, Tecluiiques for niiniiniziag the size of an OBDD 
will be described later in this paper. 

Figures 2 and 3 show two examples of an OBDD ft ir the 
Boolean fimction (a & d) f (b ^ c), where & is the Boolean 
AND operator and I is the Boolean OR operator. 

Performance Techniques 

This section provides details and techjiiques foi- achitnnng 
liigh perfoixnance in tlie Boolean e(iuivalence veriQcation 
process. Some of tl"\e techniques can he incon>'>iated into 
a user's existing design flow to acliievt^ higher perfornumce 
from a commercial equivalence checker. 



f 






Figure '^ 
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Hierarchical to flat name mapping, laj Hierarchic d I RTL and gBtes. lb) Plat gate description. 



module top(); 
modA a ( ) ; 
moda b () ; 



\ 



modulo BJodA { 



module roodB ( j 
modD d ( ) ; 



\ 




module modD{ ) j 
wire boo f 



Don't Throw Away Useful Information. Wl\cu esLabUsh- 
\ng an ASI(y (Icsi.iiin flow, it is a beneHt to \ncw the entire 
now globally — not ju.sl iJie process of piecing LogeUicr 
various (-AD tools (siniuliitors, equivalence checkers, 
plHrc-and-ionli^ lools, elc). Why throw out valuable in- 
fo mi aU on From one process in tlic design Dow aiid force 
;iJK>l,her pi'ocess to reconstruct it at a sigi^iHcnnt cost in 
performance? 

At rho HP Convex Division, we've dcsi/^ed our flow such 
thai the idenlitjcation of legislers and prinia^y inputs and 
our])uis is consistenl across the entire flow. The same 
hierarcliical point in a Verilog cycle-based simulation 
run c^rn be referenced m a flat place-and-route VerUog 
netlisi without luivin.^ to derive these comn^on paints 
coniputalionaJly, 

Name Mapping, lover will map the stand>uTl cross-design 
pairs of conlroUabiJiiy and observability equivalence 
points dire<tly as a result of rhe the HP Convex Division 
How's nanijjng convention. Fifl^urc 4 helps ilJustrate how 
name mapping Ci\i\ be preserved between a l^ierarchical 
RTL Verilog iree of modules and a single flat gate-level 
description. 



modulo topt); 
wire Xa.c.foo 
wire \b.d.boo 



(bl 



To suppoit non-naine-based mapping of equivalence 
point^s, that is, designs that violate tlu* HP Ccmvex Divi- 
sion flow uaniing conventions, lover will accept (Equiva- 
lence mapping files contaiiiing the two designs' net i:>air 
relationships. In addition, the user can jjrovidc^ a special 
filter fimcdon, wluch wiU automate tJie process of resolv- 
ing cross-design nau\e mapping for special cases. 

For example* let i'\ be a special mapping Junction for 
desi.gn model 1 and f^ be a special mapping function for 
design model 2. Then an equivalence point will be esial)- 
lished whenever (\(E^) - ^^(X). This allows the two modt^ls* 
VerUog wije ^uid register names (or strings 'i and t) to 
clJUffer, but resolve to ihe same equivalence point through 
their special u^apping functions. 

Cone Partitioning. A technique known as co}ir pfirfilion.- 
inrj is used to mininuzc tJie si/e of tlu^ OBDDs built during 
the verification process, since smaller OBDDs require 
significaiUly less processing time and consunu^ much less 
men\ory than laiger ones. Cone pm'Utioning is Iht^ i)ruct\ss 
of taking a lai'ge cone of logic and dividing it into a set of 
smaller sized cones. Figure 5 helps illusn-ate this concep'- 



^^ 
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figure 5 

Cone partitioningja) Large cone of logic, (b) Set of 
partitioned cones. 




The two (iosigiis vorillod by lover are stored intoinally in a 
compact and liighly elficient nel/pnmitive reJatiorifil data 
stiLictiire. OBDDs are bnilt from the relational data stnic- 
ivuv oi\ly on demand for iho specific paititioned cone of 
lot^ic being proved, and tiien immediately freed alter their 
use. This eliminates the need to optimize the specific 
cone's (^BDD into the entjre set of OBDDs for a design. Ln 
adfiition to achieving higher performance during the veri- 
llcation ])rocess, this ensmes that any differeiKCS found 
between the paititioned cones tends to be isolated down 
to eirl\er a liandfnl of gl^tes or a few lines of RTL code. 
This greatly simplifies the engineer's deb\ig effon. 

Another advantage of cone parritioning is that it bccon^es 
unnecessaiy to spend processing tin^e mijumizing equa- 
tions for large cones of logic, since iiiey are automatically 
decomposed into a set of smalJet and sbnpler cones. 

In general, cones of logic arc bounded by equivalence 
jioinis, which consist of registers and ASIC input and oat- 
put ports. However, lover Takes advantage of a set of pairs 
of internally cross-design equivalenr relationships (e.g., 
m'\s or subexpressions), which we refer to as siibeqidvo- 
tp}}n> poiuls, to partition large cones. Nun^ei'Oiis metliods 
have been (h^veloped to compute a set of cross-circuit 
subequivalence points based on tlie structural informa- 
tion or modular interfaces.'' Costher ATPG (automatic 
test pattern generator) techuiques aie coimnoi\ly used to 
identify and map subequivalence points between designs 
lacking a consistent naming conventiotr lover detennines 
subequivalence points diieccly without performing any 
intensiv(* compulations by takmg advantage of ti^e con- 
sistent name mapping convention built into the the HP 
Convex Division design flow. Numerous subequivalence 
|)oints are derived directly from the module's hieraiclrical 
boimdaries. 



In addition, lover attempts to map the Verilog mocUiJe's 
internal wiie and register vaiiable names between de- 
signs. For exan^ple, Synopsys witJ unroll the RIX Veitlog 
wire and register bus nutges as follows: 

wire t0:3} foo; 

wil] be synthesized into gates with Ihe foUowing mu'olled 

najiies: 

wire \eoorO], \foo(l), Vfoo[2]. \foo[31; 

lover recognizes Synopsys uturoUed naming convenijon 
and will map these poij\ts back to the onginal RTL de- 
scriprion. Tliis results '\x\ asigiuficaiitly better cone paiti- 
tion than Uimeing the subequivalence points to only the 
structiaal or module interface. 

The performance gitins acliieved tliiougl^ cone partitioning 
arc liiglily vaiiable and dependent on a circuit's topology 
Some modules' measured perfomiance gains have been 
on the order of 20 Lianes, while other modules have suf- 
fered a perfonnance loss of L5 limes when aj^ilying a 
maxinnim cone partition. Tlie pcrfom>ance gains tend to 
increase as the proof n\oves higlier up the hieriirchy of 
modules (due to larger cones), hi general, we've observed 
that cone paititioning contributes to about a 40% increase 
in performance ovei' the entity d\ip. More impoiliuU, cone 
pajtitioning allows us to prove certain topologies contain- 
ing laige cones of logic that would be impractical to prove 
iLsing OBDDs. 

OBDD Input Ordering. Cone paitjLioniug has the addition- 
al advantage of simplifying the ordeiing of OBDDs by re- 
duciitg Ll^e sixe of the problem, lover uses a simple topo- 
logical scajch tluough these smaller partitioned cones, 
wliich >aelds an excellent variable ordering for most cases. 
This search method wa5 first proposed by FiOil^/' ^^d 
consists of a simple deptlvfirst seaixh through a ciixtiit's 
various logic levels, starting at its output and working 
bacJcwards towards its contiollability equivalence poijils. 
The equivalence points encoujuered first in t.he .search are 
placed at the beginnuvg of tbc OBOD variable orderijig. 

Solving the False Negative Problem. Cone i)artitioning 
techni(]ues used to derive cross-circuit sube(iuivalence 
poijits can lead to a proof condition knov^n as <\falsr nrg- 
alive. This quite often forces the equivalen<-e checker into 
a more aggiessive and costher performance mode to cont- 
plete the proof. We have developed a method of klentifying 
a false negative condilion wliilc still remaining in Ihe faster 
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luime-nu-i])])!!!.!^ mode Uiroughout the entire venfication 

On(^ type of false nei^at.ive caji ocuui- vvh^n the RTL speci- 
fies a (lon'i-<'ar<^ dirorrivc to th(> synUu\sis tool, and Uic 
oquivalenco checker docs nol, accomal; for the don't care 
set l)(.(x) in equrUion 1. 

Another more U'onblesonie type of Calse negative can occur 
when the syntliesis process recognizes a dcm't caic opti- 
niization oppoitiinify not originally specified in the RTL. 
Tliis am occur when Uie synthesis i>top is applied to a sub- 
expression, wliich then UkDs ^Ai^ opiinii/ation advantage 
over the fulJ cone of logic (e.g., generating gal;es fo^■ a sub- 
(^\"lJression with the k^iowledge tJ^at a specific combination 
of values on il,s inpulii is not possible). 

Figure 6 provides a simple example of Lliis problem. It is 
possible that the partitioned cone m2 s synthesized logic 
will be optimized witJi Lhft knowledge that Xi and x? are 
always nmi.ually exclusive. This can lead lo a faJse nega- 
tive proof on the partit:ioned cones n\i(X] , xo, x^) and 
mvj(xi. x>, K;i) for the impassible c-^e X| = 1 and X2~ 1- 

However, if the snbequivaieucc poii^ts that induced the 
false negative condition are removed from the cone paxti- 
(ion boundiuies of mi and m2 (e.g., xi and x^), the result- 
ing larger cone pajiition m^'Cxo, X;)) is easily proved to be 
equivaleia to nvo'Cxo, X:0- Figure 7 helps illustrate how 
tho fiilse negative condition can he eliminated by viewing 
a larger partition of the cono- 

There iue numerous sit\iations that can induce a false 
negalive condition, and most are much more complex 
llum the sijuple example provided iji Figure G. lover has 
algorithms built into it that will detect aiid remove alJ 
false negative conditions. Tliese algorithms are ijwoked 



only when nonequi valence hcis been defter mined between 
obsoi'vnbility i>on>ts. 

The aJgoritlun used to solve a false negalive peii'orms a 
topological or breadth-first search through the levelized 
con<i of logic, removijig the Tu^t input or conlrollabilily 
equivalence point encou?itered. It then reproves tin* re- 
sulting larger coiu^ The following steps des<nb(» ihe algo- 
rithm used by lover t-o remove a false negative condition; 

1. LevclLzc the cone of logic by assigning the ohscrvabihly 
eqidvaleucc point the nun^ber 0. Th(^n. stc]) back to t ho 
next level of logic in the cono, assigning a logic h^'cl num- 
ber to each logic prinutive and net. Continue (his process 
back through all levels of logic until reaching the cone s 
coi^trollahility eqtiivdence points. 

2. Remove the lowest level of logic (or nuinbercd) con- 
troltability subeqnivalence point, resulting in a larger cone 
partitjon. 

3. Rcleveli^^e the new laige cone of logic. 

4. Identify and order t]\e new set of input c-on troll ability 
equivalence points. 

5. Tiy reproving the new larger cone partition with the 
new set of controllabibty subequivalencc points. 

6. If U"ie new cone paitition is proved nonequivalenl and 
we can contijiuc re[i^ovni\g subequivalencc points (i.(\. we 
haven't reached a register or ASIC port boundary) go to 



Figure 7 

Solving the false negative problem. 
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st('j) 2. (Xhorwise. wc^ arc dono. IfsU^p 5 is proven, rJie two 
(•OIu^s ;irc (M[nivaleni.. 

Process Memory Considerations. Most. higli-perfoiTnai\cti 
tools ivqiiirc Uioir own memory nuuiiigemenr utility Lo 
rod lice Hie system overhead lime nom\aUy associated 
wiih scMrcliing ;i ])roeess's ]arge menioiy ;^llocation tabJe. 
lover implements three methods of mana^\g memory: (i) 
reeyrle hi.qh-use data structure elen^iMMs during compUa- 
lion, (2) (Mistrre Ihat memoi-y is unlni^rKMiteri when build- 
ini^ OBDDs (i.e.. at tlic stall of each cones proof), and (3) 
inainiaui and n\anipnlale a single gjouped .slnictuie repre- 
sent at ion for e(iuations containing buses. 

Ih.uli-l'se Data Siructuie Recycling. The vaiious data 
structures (or C typedefs) used duang the coj\ipilatJon 
}irocess can be recycled when it becomes necessary to 
free them. Recycling is a technique of linkijig the specific 
structure I vq)es togelJier into iifree IwL Later compila- 
tion sii^ps <-an tap inlo tJu^se lists of high -use data SLnic- 
iur(^ (^lement-s and not iiicur any of the s>'Stem overhead 
normally associated with allocating or freeing men^oiy. 
We have ohsei'ved perromiance gams in tl\e order of 
1.25 times for sma.il designs anrl up to 2 times for larger 
designs by usijtg data Structure recycling techni(]ues. 

■ OiyOD lUifragmented M.emoiy iVfanagenient. A block of 
uu^noiy should be reseived for use by the OBDD mem- 
ory maiiageuient utilities. Once a proof Is complete for a 
l)ariiiion(Hl cone, its memoiy block can be C|Lilckly re.set 
to its oiiginal un fragmented sLal:o by simply resetting 
a lew pointers. Working vvith a block of nnfragmenled 
mcMuory iu<'re;ises the chances of fitling a cone's OBDD 
into the systcMu's cache, Tlie perforn\ance gains acliieved 
l)y controlling the fragmentation of nuiinoiy are signifi- 
cant, hut htU'd to (luantify. In general » we have ol)serveri 
that the performance of manipuJat.ing OBDDs degrades 
linearly as nuMnory fragmentation increases. 

• (Jronping Slrucl\nes for Vehlog Bivses. Care should be 
la km to rtWain the buses within an et] nation as a single 
grouped data structure element for as long as possible, 
h'xpanding an equation containing buses into its individ- 
ual l)its loo soon wiU result m a niemory explosion din- 
ing the compilation process and force imnecessajy elab- 
oration on the equation's replicated data stmctAires (i.e., 
l)roces.s duplication wliile manipulating tl^e individual 
bits foi* a bus<^d expression). 



The Don't Care Set- As a fmal eouMnent on periormance 
teclniiques, wc need to point out that lJ)e HP Convex 
Division design Oow has a requirement of simulating the 
ATPG vector set on (he HTU This hel[)s flush out ujiy 
ATPG model library problem ai^d provides an additional 
sai)i(y cfieck and assujaiice that, Boolean equivalence veri- 
fication was ])ejiformed on the entire design. An additional 
benefit of veiilying the ATPG vectors at the RTI. k^vel is a 
potential tx^i-Llold speedup in sinndation performance com- 
pai'ed to a gacHevel simnlation of the vector set. 

To sui)port RTLsiu\idation of ihe ATPG vectors, I he Veii- 
log coutro] stiiicLures (e.g., case <ukI if) must be fully speci- 
fied or defaulted to a known vahie. lover takes advanuig(^ 
of tl\is Qow req\meme[\t <m6 maJkes no attempt to gather 
and process the don*t-caj'e set Dt.(x) in equation 1. We 
have developed linting tools within tMu* Qow to ensure that 
these control structures are fully specified. In addition, 
loverdetects violalionsof this ATP(^ KTLreituiremenf 

Perforniancc Gains 

This section demonstrates the peilbnnmice gains thai c-au 
be aclueved tluough techniques desciibed in this paper. 
Tlic benchmarks for Tables I and If were performed on 
aji HP S-Class technical servei' (a l(>way synuiRMric multi- 
processing machine based on the HP PA 8000 processor 
wiiit ^IG bytes of rmin menioiy). The single-llu'eaded per- 
foHTiance times provided for lover include a composite of 
the RTL and gat.e-level model compUaiion tiuu\s. as well 
as tlic verification step (milikc most conunercial tools, 
compilaiion aiKl verification are perfonned within a single 
process). 

Table I describes four lecetttly designt^d 0.35-um CMOS 
ASICs built for Hewlett-Packard s r!;xemplar S-C.la.ss arul 
X-Class technical servers. Tliese tijnes represent a com- 
parison of a full hitMarchical RTL Vi^iilog model to its 
complete-clup natgatedcvcl netUst. 

Table U presents l:he gate-ro-gate run-time performance 
for the same fom' ASICs. These times I'epresent a com- 
plete chip hierarchical gate-level model (directly out of 
s.vTtthesis) compajed to its final haml-tweaked Hat places- 
and-route nerlist. 



August 1998 • The HewfcM-Packard journ.il 



o 



Table 1 








RTL-(o<jn(r lover ncsHli.'^ 


Size 






Chip Name 


(kgates) 


Minutes 


GBytes 


Pi't)C(\^j>()r Inlcrfact^ 


550 


116 


1.3 


('i-os.sl>ar 


m) 


26 


1.1 


Memoi-^' Inteifart^ 


570 


68 


i.;3 


Nodc-lo-Node hiterr.u-e 


;J0() 


56 


1.0 



Table II 








(idle /() (;(ilr lovar Rf'siilt,'^ 


Size 






Chip Name 


(kgates) 


Minutes 


GBytes 


Proce.ssoi- Inierlatx^ 


5oO 


20 


1.2 


("rossbar 


.-)()() 


9 


O.f) 


Menioiy Interlace 


570 


•20 


1.2 


Nixlr-UvNocic liUoiiViro 


:l()l) 


10 


0.0 



Additional Performance Gaint 

Tlie llewk^tt-Packard Convex Division is in Lhc busines.s 
of roscarching anil tk^vel()i)ing syiinnoiric mu]l.iproce*^.^ing 
high-p(ntonniHu<^ sorvoi's. HisloncaJly, niosl vcndoi>^' CAD 
tools have lagged beliind the design reqnireniGnts for out- 
next-s*eneraiion sy.*^ieni.s. To solve the vast and cscalaimg 
problenxs encountered during llie design of Lhese sysleins, 
iJu^ IIP Convex Division Uas l)ep[un research in the area of 
l)inallel CAJ) solnt.ions.'' A prototype )nultidireaded equiv- 
alence checker (pdover) has been developed to investigate 
the potential tHMlunnance gains achievable iJnough paral- 
lel processing. 

The jMcXotyiie nniltitlnxvuUHl eciuivaiencc chocJ<ej- is based 
oj^ lover's singlo-tlueatjed proof ci\giBe. A fi'ont-end input 
compiler and data stnictnre eniulatJop engine was devel- 
oped 10 \\''Ci\ the iiarallel j.hreads with paititioned cones of 
logic Cor verification. 

Figure 8 shows the speedup factors wc obLained with 
p-lover when launching two. fonr, and six threads. Note 
the superlijiear performance we were able to acMcve with 



two thieads (see reference 6 for a discussion of super- 
linear behavior). Each thread only contributed a 1% in- 
crease in the overall process memory size. This can be 
au-rihuted to a single progi'ani image for the compiled 
notajid piinntive relational data strnclnr(\s. which wnv 
stored in globally shared n^emory. 

Tlie following is a list of nniltitlu-eaded tool design consid- 
erations we've identified while developing otir protol vpe 
equivalence checker: 

3? Long Tlu'eads. To reduce the overhead incurred when 
launcJ\ing thn^ads, the fi)ll set of observability (Miniva- 
lence ])oints needs to be patiilioned into similar-si/.ed 
sulisers or lists for each thread (i.e., tlneads should be 
launchc(i to prove a list of cones and not a single poini ). 
Figure 9 helps illustrate this idea 

B Thread Balancijig. When a thread finishes proving its 
list of observability equivalence point^» the remaining 
threads should rebalance their hst of nnpioven cont^s 
to n^ainiain maximum tool perfonnanco. 

B Tliread Men^ot^y Management. Each tlux-^ad must ha\'(^ 
its own self-contah\ed menioiy management aiul ( )H\)]) 
utility. 



Figure 8 

Multithreaded performance. 
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» Sysloin Rosonrces and Locldiig. All VO aiid logging must 
be eliminated from the individual laujiched chrends. 
Otherwise, the locking ^md unlocking schemes bidJl: ijat:o 
Llie system resource's critical sectioiis vvall dramatically 
d(\iirade the lool's perfonnaj^ce. I^i rors can be flagged 
in inteiTial dalaslTUcCures and reported after all tlu'eads 
luive finished processing their individual hsts of cqiiiva- 
len(<^ points. 

A production version of p-lover will require additional 
research lo eliminate some of the locking requiren\enis 
necessary when addressing globally shared rueniory. 
In [larticular, solving the false negative problem in a 
nuilrithreaded en\aronment. will require some additional 
thought. However, the potential perfoiTaance gaij^s 
obiainable ihrough a umhith.readed equiviiience checker 
ar(^ ai tractive. 



Conclusion 



Boolean equivalence venfication, jui uUegial process 
within the IIP Convex Divisions ASK' design flow, bndgt\s 
the verification gap between an ASIC s liiglvlevel RTL 
used for simulation and its place-and-route gate-level net- 
bst. We have presented techniques in ihis paper I hat luiv(* 
contributed to the development of a Boolean equivalence 
che<:ker with performajice on die order of 100 lJnK\s fasltM* 
than many currentjy available convnercial L00I5. Kven a 
commercial e(|uivaleiice checker w ill t)euefii substantially 
if its users understand a few of Uie tecliniques wt^ have 
presented and apply tliem direcUy to their design flow 
(e.g., name mapping, subequivalence points, and cone 
pai'iitionjng concepts). Finally, we have presented data 
from a prototype mullithj-eaded equivalenc(^ checker to 
UlusiTate that an even higher performai^ce level is attain- 
able tluough a parallel solution. 
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A Simple closed-forrii i ; nr calculating cross talk noise on signal lines 
in rieep-submicrometer interconnect systems has accuracy cr^'^'^^-'hle to 
SPICE for an arbitrary ramp input rate Interconnect resistance, interconnect 
capacitance, and driver resistance are all taken into account The model is 
suitable for rapid cross talk estimation and signal int'^ *"• ; • -rifiration 
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. nterccnnect geoivietry in dccp-subniicronietcr infcgraf cd circuit u^cfi- 
nologies is bemg aggressively' scaled down for wiring density, le^diiig lo high 
iuspccL ratios in nietal Imos.*'^^ For oxatnple, according lo \\\e Soinicoruhuior 
Industries /Association roadniap, metal aspect ratio is expected to reach 2:1 in 
the 0.25-^m teclmology generation aiul 3:1 by i.hc ye^xr 2004. As a result, ol" Ihc 
increasing metal aspect rario, capocitivc couj^Ung bervi-een neigh})oring signal 
lines increases and more cross talk noise is generaXed. Wit h increasiiig edge 
rates and ground bounce in advanced technologies, cross talk will become a 
pervasive signal integrity issue. 

Traditionally, SPICE simulai.ions have been used to estimate cross lalk noise 
in tlic signal lines. AJtliougli accmat^e, these sinudations are time-consuming. 
When the number of signal lines easily exceeds one million as it docs in today's 
advanced micropsocessors, SJ'ICE simuJalions are too inelficient to carry out 
for each iijic. A rapifi and accurate cross talk noise estimaHon alternative is 
needed tx> ensure acceptable signal uuegrity in a limited d(\sign cycle time. 
In reference 4, a closed-fonn model based on RC tcausn^lssion line aiudysis is 
presented. However^ the driver modeling is not discussed and ih(^ iuialysis is 
limited to step response. Another model approximates the diiver witli a resistor 
and a ram]) voltage source,'' but: signal line resistance is neglefted. These 
approaches lack Uie accuracy needed in deep-submicrotneter interconnect 
analysis. 
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In rhis paper wo i)]v.sent a closcd-fonn cross Uilk noise 
niocicl witli acnuacy c:onii)arabl(^ to ihat of SPICE for an 
iubitniry ran\p in[)iiL lai.c. Intercoiinect rosistajice, inLor- 
connod capat-itanco. and driver resisliuico are all inken 

inio account. 

Model for Timing-L^*"'* a^ .ly^i- 
FirHt. we derive a closed-fomi expression for cross talk 
noise vviicn iho rise* iini(^ al rho aggressor r>v//7>v/y is knowiv 
A circnil schenvalic of tliis model is shown in Figure 1. 
In a l,vi)ical electronic design automation environment, 
circnil liming simulators can provide a rapid aj^d accinatc 
(\stiinato of The signal rise lime at the ouiput 0/ a driver. 
This informal ion sii^nincanlly sunpLilios ourcUivcr model- 
ing. An aggressor tuansistor is treated as a rai^ip voltage 
snrnce. V^ ( " V^iji/Tj). A victim transistor is nvodeled as 
an tMTeclJve resistance, Ryf\, This value is taken to be the 
linear resistance for the p- or n-chanjiel MOSFET, depend- 
ing on ilu^ victim liiu^'s logic slate. This driver resistance 
and the victim line resistance, Rvj, ai'e lumped ijito a single 
resisiance. Ry. R:i is the line resistance of the aggressor. 
(Vi and ('v are the lumped capacitance for the aggressoi' 
liiK^ and victim line, respectively, and C^• Ls the coupling 
<ai>acitance l)etw(M'n the lines (Figure 2), 

Rased on ttie circuit in Figure 1, the cross talk noise 
voliage \\ :ls a fiinclion of time L is cxpre-ssed as: 



Vx - — 7p— To + tie '/^( 
ior0^t<T„andas: 



:.,e-^/M 



(1) 



Figure t 



A circuit diagram for the cross talk models m this paper In 
the timing-level model, the aggressor driver is modeled as a 
ramp input, V^ /= l/^f/ZT^A s^d R^ is the line resistance of the 
aggressor. In the transistor-level model, V^ ts the ramp input 
to the aggressor driver, and R^ is the sum of aggressor driver 
resistance R^d and the aggressor line resistance ft^/. In both 
models f% is the sum of the line and driver resistances, Cq 
and (\, are the lumped ground capacitances for the aggres- 
sor line and victim line, respecr/vely, and Cc is the lumped 
coupling capacitance. 
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for T,^ t, wheie V,|,| is the supply voIiagt\ T,. is the rist^ 
tune at the output of the aggjcssor- diiver. and 

4 = [Rn(Ca H- C,} + Rv(Cv + C,)f (3) 

|2RvRa(CvC, + (\C,, H- CrC,,)\ 



T I = p 



I) - 



Ra(Cn + C,0 + Rv(C,. + Cr) + Xii] 

[2RvRa(( -vC, + (\r, -h C,C,)\ 



(4) 



0^) 



The peak voltage, V;^ ^„.,^, always occius wIum^ T,.<i.. 
Therefore, by differentiating equai:ion 2 with resjiecl to r. 
we obtain: 



•^x.max 



RvCcVfiti 



toTr 



Tj/(^rT,) 






v,/nj T.) 



(^) 



wheie cpj - exp( - Tj/ii) - 1 and cpo = exp( - T^/xo) - L. 
ForasufficionlJy slow rLs<* inue (T,>>T:>), \^x,\\r.i\ ai^im>aches 
the liniit of RyCt V(|(|/T^ Also, fui' a s|:>ecial Ciise where 
f^A = ^v> Cn = (A^ and Ti = 0, equation 6 reduces I o a simple 
i^vodel presented by Salcmid/' 



Figure 2 

A cross-secttonal view of two lines ahove a ground plane 
considered In this study. The coupling capacitance Cc is the 
source of on-chip cross talk noise. It is a significant fraction 
of total interconnect capacitance in deep-submicrometer 
interconnect technology. 
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Normalized cross talk noise vQltage bs a function of inter- 
connect length. The model prediction is represented by a 
solid line and if)e SPICE simulations are represented by 
circles. The error of the model compared with SPICE is less 
than 10%. Cross talk noise increases sharply for line lengths 
over lOOO/tm before reaching a saturaiJon value. 
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The Accuracy of the model of Figure 1 is denionslrated 
in Figure 3 arid Figure 4 foia roptt^sont^'itive cross- 
sectional geoineiiy of a global line ijn 0.25-^ni technology.^ 
To a<-count appioprialt^ly for the disl:iibuted T^ature of (he 
mierconuex-t RC nelAvork, the lumped groiuid capacitcuiccs 
CV, and ('v i^io scaled by a facrx)r of 0.5 based on d\e Ebnorc 
delay model. ^ The Jumped coupling capa^:itance C(., on 
the other hand, is scaled by a senxi-cn^pixical, technology 
indei^endent factor. (/ = (!" P)(exp( - Ti/c,))) + p. The 
parmneier p accoiuMs for i:he pjesencc of the victim dnver 
resisl;uice, and is given by (li = 0.5[1 + Rvd^O^vi +^v(i)l- P "-s 
unity for a dev-ice-dominalcd case in which shieldb^g re- 
suiting ffoni interconne<'M resistance is negligible, and it 
decreases monotonieally i<> 0.^) as int.crconnccl: becomes 
more donunant Tlie scaling factor a is equal to (3 for a 
slow rise time, bui monotonieally approaches unity (bra 
sufficienlly last lise inne. In Figure 3 line lengcj^ is varied 
to cover both Mie device-dominated case (interconnect 
length < 1000 ^m) aiul (J)e intercormccl'doininated case 



(interconnecC length > 3000 um). The model prediction 
matches Uie vSFlCE results very well. TIk^ agreenunU is 
also excellenf in Figure 4, where llie rise time varii^s 
over a wide range. 

Since all parameter values in etjuations 1 tltrongh 7 are 
readily available from the tiniijig a^ialv^is tools, this model 
forms an exceUent basis for a cross talk screcMiing lool at 
the timing level. The nonproblematic signal lines can !>(> 
qiuckly identified and filtered with ihis model. Only thos(^ 
hues I hat potentially violate noi.se margin need further 
detailed simiiladoiis. The efficiency of signal integrity 
vorifical:iori can be significantly improved by llvisschdiuv 

Model for Trsns^stor-Leuel Analysis 

Next:, we consider a case in which the rise time to the 
i.7ip7il of tJ\e aggi*essor transistor is Imown. hi this case 
tl"ie lise I'.ime at Ihe outpul of the aggn^ssoriransistor is 
fii-st computed as a function of the input ris(* time using a 
technology dependent function. Then equation C) is used 
to calculate the max-inuun cross talk noise. 



Figure 4 

Normalized cross talk noise voltage as a function of rise 
time. The model prediction is represented by a solid line 
and the SPICE simulations are represented by circles. The 
error of the model compared with SPICE is less than 10%. 
Cross talk noise is a strong function of nse time and is a 
serious concern when rise time becomes less than 200 ps 
in deep-submicrometer technologies. 
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Tiu^ rise timo al' ijie oiiLpuL of the aggj'essor Lomsistor, T, , 

Ls oxprrsstMJ a.s: 

T. = Tn-fT,-,, + T,^, (8) 

wiu^!'(^ Tii , Trvv , tir\d Tj-c account for t-he intainsic delay, 
ini}iit slope, and interconnect loading dependencies, 
r(\s|)(H"tivcly. 

Intrinsic Delay Dependency. The inUlnsk: delay depcn- 
<i(MKy ol" the aggressor oulinn. rise tmie, Tpi » i-*^ cn\pijically 
(^xpress(^d iis: 



T. - k- — C, 

A(I,sil 



(y) 



where V,i,] is the supply voltage, Id^^at is the saCmaiJon 
soiuce-lo-drain cunau. and Cj is tl^ junction capacitance. 
The T,i hMm is usually small (-5 ps) and is indepondenl 
of I he agpessor input rise linie. U is also independent of 
devie(* size; bolh lH,sni ^^^<^ Cj increase a.s the diiversize 
increases, canceling eac-h other. The term kj is a fitting 
parameter. Onr study shows tJiat ki = 0.4 for many different 
technolog,v gcMierations. The T,i terjn Ls inipojtant only for 
the fojiowing cases: 

Older lechnology gonej-ations for vv^hich the RC oCa 
(levic(^ is signifRuuM 

A Iransisior with exnt'cmely smaJl loads 

Wi-y fast input rise time (<3;5 ps). 

None ofilu^se cases is of practioii interest iii dcep- 
submicr(^meter technologies. 

Input Slope Dependency. The input Slope dependency of 
the aggiessor output ilse time, Trw, is a linear function of 
the aggressor input rise time, T,..^: 

Trw = kwT,,,, (10) 

when^ ka is a technology dependent fitting parameter ajid 
is typically between 0,1 and 0.2 for decp-submiaometer 
i(M-lmologit'S. This linear relationship holds extremely 
vv(^l! l"or ihe practical values of T(.., ranging from 50 ps to 
")()() ps, as shown in Figure 5. 

This input slope dependency term can be very significant, 
especially for slower input sigi^aLs and small load capaci- 
lauces. Foi- instance, for a 1-mm line with T,.ji = 160 ps, 
T,-,, can b(^ as high as 30% of T^. 

interconnect Loading Dependency. The t.hircl tern; in 
equation 8 results Eion^ tiie charging and discharging of 
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Unloaded output rise time as a function of input rise time of 
the aggressor driver for 0.25-fi m and 0. JSiim technologies. A 
linsBr reldtionship holds well for input rise time above 50 ps. 
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the interconnect tia oug)^ the aggressor driver Since th<^ 
driver goes through borh the saturation and linear nuKles 
of operation during the charging ^md discliarging, 1Vr has 
two con-espondingternis:'"^ 



Trc = Y^Ci 
+ YiCi 




(H) 



] /19V,M-20V, 



uv\ 



where Cj )i^ \hst intercoimect capacitimce, Vt is the tlireshold 
voltage of the driver, aiid k is W\e device trans<'onductance. 
which is given by; 



k = 



21 



ri.-sai 



C^dd - VO- 



(12) 



The r^nn y is an empirical {^xin'ossion l,o accoiiiit for 
capaciimice sPiieklmg caused l)y Liiteironnecl rosLslari(;<;, 
iinfl is sh'pn by: 



Y= 1 - 



R, 



RaiH- Ri,d-5 



(i:.^) 



Au5u.Nl 1998 • IhoHc-wfni r.Kk,ard Journal 



o 



where Rai ^»^^1 l^;id iii't' t*i*^ aggressor line rcsLstance and 
driver resistance, respectively. The temi ^ is an empincal 
coi\stant ac(^ounting for the loss due to shorl-cijcuit. 
current and is tyijieally equal to 1.2. Short-c-ircuil current 
doe.s not seive lo charge or discharge (he line, 

T\^Q first tenn bi equation 1 1 descdhes the Transient in the 
saturailon region, bur. is typically nuich smalkT than Uie 
second term because of the iaige cunent drive aJid tlie 
small voltage swing in j;he saturation region. The second 
tenn is for the Inonsient in the lii^eai' region, and is tech- 
nology dej)endent only on the ratio of ViA^iid- 

Benchmark of Model. Rise time values at the output of 
the aggressor driver calculated based on equations 8 
tlu'ough 13 for a wid<^ range of intercoi^nect lengths are 
compared with SPICE simiibitions in Figure 6. Tlie model 
predictions are in good agreement with SPICK simulaUons. 
The modeling error compared with SPICE is shown to be 
less than l()%in Figure 7, 

As a comparison, tl\e rise tuv\e estimation based on a pre- 
vioiisly published model^^ is also sliown in Figure 6. Tl^is 



Figure 7 

Rise time estimation error of models compared with SPICE. 
Error for the model in this paper is ± 10%. A model based 
on reference 9 produces a significant error 
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Figure (j 

Comparison of rise time estimates. The model in this paper 
is in excellent agreement with SPICE results. A model in 
reference 3, which neglects Tji and T^ in equations as well 
as interconnect capacitance shielding and short-circuit 
current m equation t }, exhibits large error over a wide 
range of interconnect lengths. 
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model neglects T^ and Tj^v Also, interconnect capaci- 
tance shielding and shoit-cirruir current in T,v are not 
considered. As a result, this n\odel significantly under- 
estimates Tr for short lines and overestimates T,. for long 
lilies. 

Once tJic rise time at tl)e output of the aggiessor driver is 
calculaunl, the coirespondingpeak cross talk noise can 
be computed based on equation 6. In Figure 8^ modeled 
and SPICE peak cross talk noise values are plc»ttefl as a 
function ofinterconnecl length. Our model provides a 
vei7 smooth cur^'e and matches the SPICE resuU witliin 
10% over a wide range of iiUerconnect lengths. 

Tl^e technology dependent fitting coeOlcienls in equations 
througli 11 can be found easily by running SPICE for 
several calibration cases. With tlie calibrated coefficienis, 
this model ['apidly generates accurate cross talk noise 
estimation for various driver sizes, intercomieci, loads, 
aiid rise ijmcs. The model is an attxactive alten^ative to 
SIMCE when niany transistor-level sinndations for cro.^s 
talk noise are needed, b^cluding the case of quick screen- 
ing mentioned eMdier. 
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Estim^ited cross talk noise voltage as a function of intercon- 
nect length. The mode! prediction is represented by a solid 
line and the SPICE simulations are represented by circles. 
The model is accurate (less than 10% error) over a wide 
range of interconnect lengths. 
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Conclusion 



In ihii; paper we have analyzed tJie acciuacy and applica- 
biliiy of a simple closed-fonnn model for calculating cross 
talk noise on signal lutes in deep-subntU:roinetei- iiitercon- 
necf systems. Witl^ appropriate scaling and calibraLion of 
the model coefficients, ir wns shown that the model is 
suflicienily accurate for cross l:alk analysis. All model 
paiameters and coefficients are readily available. Thcre- 
for(\ the model is suifabje for rapid cross t>all< estiniat.lon 
and sii^ncd integrity verification. 
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Theory and Design of CMOS HSTL I/O Pads 



Gerald L. Esch. Jr 



Robert B. Manley 



To control reflections, the impedance of integrated circuit output pad drivers 
must be matched to the impedance of the transmission lines to which the pads 
aru connected. HP's HSTL (high-speed transceiver logic) controlled impedance 
I/O pads use an on-chip impedance matching network that compensates for 
process, voltage, and temperature (PVT) variations. 
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transmission line rclloclions are one of the nu\ior factors limit inj^ hij^h- 
speed I/O pnrfoTncince. Tl^ese n^flocLions can be conirolled by malchini* the 
driver output mipcdat\ce to that of the ta-unsnussion lino. 'IVadilional solutions 
rcQuirc tho us(* of off-chip components to implcmout matcliiiif^ tcnuination 
notivorks. This adversely impacts board donsit:y, reljLabLlity, and cost. 
Integration of the termination network on-chip ronmves (hose n(\LJia(ivc 
aUributes while providing addiuonal advant:agcs. 

In tliis paper, wc ix?viGw a solution for an on-chip iini)ecLance matchii^g m^i.work. 
(\\r HSTL (high-spoe^-l n-ansceivcr lo^ic) family of controlled im])CdaiK'e L/O pads 
includes single-ended and differential (b*ivei^ and receivers, along wUh coiii- 
pcnsiition circiiihy for process, voltage, and tcn^peratun^ Q^'^T) variations. Mea- 
sured HSTL signal integrity in a laige, complex boiucl eRviionmeuLis presented. 

nation 

Wien 1/0 signal integrity an<l speed are of utmost in^j)ortauce. many pad 
designers turn to parallel teiTi\ij^ation net-w^orks. PaiDllel temiinatioTi eliminates 
transmission line reilections. However, parallel termination exacts a costly toll 
on pow(>r dissiparion because a dc c-omponent is d^dcd lo power t-onsni^iption. 
An alt.eniative terminailon approach is source seiics levmiiiation. in a point- 
to-point environment, series termination |)rovidesan output driver with a 
n^earis to absorb incident waves, eJTectively damping an.y reflecllons m 
the (transmission line. Mat.ching a driver's output im])edauee t() ihai of the 
hoard impedance increases signal inr.egiit.y and speed while keepii\g power 
dissipation to a miainuun. 
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Somcp series termmaljon is easily implemented witJ^ two 
compoiioiiis: a low-iinpcdajice output driver and a preci- 
sion series resistor, 'lb decrease factory eosis and con- 
serve board space, it is desimble l,o replace the priiUed 
cLi'cnit hoard precision series resistor with an on-chip, 
I'VT-compeiusating resistor. 

The singie-(MKled output driver, shown in Figure 1, hits 
two major componcnl.s: a push-pull driver hikI axx on-chip 
series t<M'mination resistor. Tl^e three cromponents thai 
form tlie tenni nation res is to i' are the driver NFET resis- 
tance JRos> an n-well resistor Rj^yo for ESD i)rot;ection, 
i"i<l I^^iMi(H;. '^ programmable resistor between the nodes 
PRE ;utd POST. c:onU"olle(i i)y on-cliip calibration circuiiTy, 
the prognrumnable resistor takes on araiige of resistances 
to ensure (hat the driver's output in^pedanoc Ro niatches 
the tiansnussion Une impedance Z^. 'I'liis allows reflec- 
tions to be complo(-ely absorbed in the driver regardless 
of process, lemperatuie, aj\d voltage fluctuations. Thus: 

I^PKXx; i^ tuiied by turniug on and off various combina- 
lions of transft;r NFETs with a six-bit binary word. Each 
bit in the bin^u-y word, PR0G(5:0)j controls a transfer gate 



in the progranm^able resistor array. The NFETs have con- 
ductances corresponding to their biruuy weighted l)it 
positions? iJi PR06|5;01. For example, if PROGIO] coiur(^ls a 
transfer gate with conductance of (i, then PR0G[11 con- 
Irols a iransfer gate with a conduclance of 2G. TIk^ r(^sis- 
taitce of RpKOG decreases as the binary coiuit PROG|5:01 
incrt^ases. hi effect, as the binary count, increments, more 
rcsistoi>i cU'c cuUUh] in parallel in tl\e .NFET array. 

Culihrntion CirftuJtry 

The calibration circuiUy (Figure 2) is designed to pro- 
gram all [fSTLoulput driver impedances, R(,. to niatrh 
tliat of mt extei*nal precision resisrx>r, R|.:xt- Inuring normal 
operation, an enable signal, CAL, causes an NFET etiuiva- 
lent in size to an HSTL ou(i)ut driver pull-up NFJ'"r lo con- 
duct. Current bc^ns to Aow IJ^rougli the 1/0 pad through 
Rf;XT '^his current path fonns a voltagt^ divider, wlunc*: 

Rkxt 
Rt:xT + (*^i)S + RiMJtx; ^- hi-:si)) 
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Single-ended output driver. 
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Calibration circuitry. 
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\'\^.\]) Hoyy^'^ as an input to the inveiiing ipm^inal of tho 
(linVr(MUiMl anipiifier. The noninvovl.ing tc^rminaPs input 
voUajie is V|>j)q/2. This reference voltage is generated 
on-chii) via a voltage divider, Aixy difference between Clie 
input v<)ha.ii(^s of th(^ (hffereuthil tirnplUler is perceived as 
a rc^i!:;tanc(^ nrisniatch between Rn and Rjrxy. The AV 
causes ihe diffenMiiial aniiiMnei's outpul to program au 
up/down counter to increment or decienient its six-bit 
out|uil. Ifpon receiving a clock ed^je. the ii]Vdown 
counler drives a new sixdMl binai^ count, PR0G[5:0). This 



caJibration word is used by the calibration circuity's pro- 
gyTUiin^ablc resistor and (hstribiited Pj (Mher lISTb driver 
programmable resistors, b^cren^ental binai-y changes in 
PR0G[5:01 cause incremental resisliince changers in IJie 
prograrimuible resistor. Because Kpi^ot- is now program- 
med to a new vahie, Vj.^f) obtaiJis a new analog value. 
^PAl) 3i^'Un acts as an input to tlie differential amplifier 
and (J\e impedance n^at.clm\g process starl^s over. Tl\e cali- 
bration action is contiiuu)ns and transparent to normal 
cJiip operation. 
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Differentia} driver. 
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Differ«ntiiiJ Driver 

The diilVrential diivcr in Figure 3 is the conibinaiion of 
(;wo nSTL d rivet's. By Unowing' tho driver's output resis- 
i.aiK-L\ an external ])nralloI kMininaiion network can set the 
dc opcrafing points to comply with the HSTL differential 
spccifKalion. The predriver logic is responsible for keeping 



the differential clock signals in conformance wilh the ac 
specification. 

The predriver logic also perfomis (wo otlu^r import ani 
tasks. The single-ended-to-differential conversion pre- 
seivcs the input duty cycle while iniiuinizing transienis 
in the supply currents. 



O 
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Single -ended waveform. 
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Measured ResuSts 

Figure 4 do])ic'Ls a single-cnck^d signal traversing a (i-inch 
Mansiuission line. Vdi^xi- is l\\o sigiuil received at Uie end 
of l.hi^ lino. Si.^nal inu\q;n(y cm\ Ix^ monji.orod by examining 
Ww localion ol'lhc iiidccUon pouU aUhe (.iiiver (Vy()iji~;c|.;). 
An iiinection point jiear half the high lo^c level (^y)\)Q/2 
for IISTL) indicales Lliat the driver output impedance 
matches the iransmission line impedance. 

Figure 5 sliows a diffcroniial signal after traveling down 
a G-inch transnussion line. ^uYi^j is consistently contained 
within the li^ht IISTL diffcrenlial specifications because 
of (lie known diffcrenlial driver output resisianc(\ 
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Figures 6, 7, and 8 illus(,ral.e Llie eff(^c(s of varying the 
(b-iver's outpul ijiipedaiice by chimging ihe exiernnl cali- 
bration resistor, Ry^xr '"^ Figure 6 RKxr>/<,, in Figure 7 
%XT = ^0) ^^^^^ i^^ Figure 8 Ri':xT<7^o. ^ij^n^d integiity is 
maintained when the driver output resislance nuitehes the 
transmission line impedance. 

Future Work 

One potential shorccoming of implementing a parallel 
NFET array t.o mimic a source seiies terminaiion resistor 
is the variation in dnver output resistance R,>. Figures 9 
and 10 show driver OLiLpul resistance ris a fnnciion of 
oui.put voltage V,^. Ideally, R^ should be constant over Ihe 
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Criucaffy damped signal. 
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Underdamped signal. 
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vAwg^c of Vj>. I1()W(*v<m; R,, cluingos with variaLions in iho 
values of V(;s^ V^s. and ilic back gale voltage of the Lrans- 
for and (IrivtM' NTHTs. Figure .show<i the outpiir. rosis- 
fan<r chan^ngas Hie oul.pnL voltage swings from 0. IV to 
i .^V ( 10% to 90%). Figure 10 illustrates the output nesis- 
i;uK-e ah; a fimrLion of llie output voltage swing from a loi^ic 
higli to a logic low. Notice m Figure 9 that the point ai 
which R,, ^Z(, (50Q) occurs when Vj» = Vj)|,(y2. Tlii<; is 
because the calibration circuiD-y tunes the progrannnable 
resistor with the pull-up portion of the output, driver ai 
Vj,jk/2. With prcijieiwlriver vvidi.h ratiomg, tlie ])ull-flown 
rinver NFLT would also have R,^^^M2 at V,, = Vr)[)^2. 



Fii^iiro Jl 

Ro as a function of V^ as V^ goes from a logic low to a logic 
high. 
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Figun* 10 

/?o as a function of V^ as % goBS from a logic high to a 
logic low. 
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However, to help reduce variations in R,j. the crossover 
point was sbiXted towards the high logic level of V^^. For 
HSTL I/O apphcations, this inherent deviation in oulpnt 
cesislance minimally affects signal inlegriiy. For fulure 
applications, it may be wonhwhile to investigate alterna- 
tive series termination s<'hemes for tighter impc^danct^ 
nvatdnng cnvtionments. 



£SffiCl.ljliQn, 



A parallel NFFT an-ay can be a simple and effective way 
of conirolliiiga drivers output resistance. With an <>n-chi|> 
sovirce sehes temunation resistor, a chip can comnnmi- 
cate al higlier fieqnencies and hoard spact^ Ihal wonld nor- 
niaJly contain tennuialion networks is freed. Our family of 
IISTL pads has been proven to work at. 200 MHz in larg(\ 
complex t)oard enviroiuneiUs. 
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A Low-Cost RF Multichip Module Packaging 
Family 



Lewis R Dove 



MarllnL. Gulh 



Dean B. Nicholson 



Those packages provide much lower cost than traditional hirih [•-.ineiicv 
packaging, shielding, and interconnecls. while still provulmj Inw-refleclion 
transitmns and high electrical isolation 



p 



. ackagmg of RF and microwave niicrocircuits has {xadit ionaJly been vei>' 
expensive. The packaging requLrennents are exmnnely demanding: voiy higli 
electrical isolation and excellent signal integi'ity to frequenrjes of 10 GHz and 
above, ds well as iJ^e ability lo accomniothiic GaA.s ICs dissipaling sigiiiUcanl: 
amounts of heat. The Lracbtional approach hus been Lo stait with a niathined 
nietal package and solder in dc feedthroughs and RF glass-Lo-melal seals 
(Figure 1), Tliin-film circuits on ceramic or sapphire are then attached to 
the floor of the package using elecbicaJly conductive epoxy. The charuieis 
n\achij^ed into the package form waveguides beyond cutoff, which provide 
isolation fTOiti one circuit section to another. Next, GaAs or Si fCs are atlached 
10 the floor of ihe package in gaps bcnveen the thin-fihn circuits. After wire 
bonding is done to interconnect the ICs and the tlunfilm circuits to each other- 
and to tiie package, tl^c RF connectors cvre screwed on over the RF glass-to- 
[\iecal seals to form the finished assembly (Figure 2). 

TraclitionaUy, botli the placen^ent of tl\e thin-fdm circuits in tl^e niicrocircuil 
package and tl^e bonding to connect thein have been done manually. T]\e 
microcircuit typicalJy plugs into a small bias pruxted circuit board thai 
is connected to the rest of the instrument through a dc cable, while RF 
connections to the iiisirument are n^ade by semiiigid coaxial microwav(> 
cables, wl\ich screw onto the RF connectoi's on the microcircuiL This solution 
us capable of providing excellent electrical perfonnance and quick lur-naround 
times from design to implemeniation. However, traditional microciicuits do 
have the substantial drawbacks of being very expensive, buJlcy, and hen\y. 
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Traditional micro circa it package with dc and RF glass-to ~ 
mewl seals, ia) Top view, (b) Cross section. 
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Unlil iho end of tlio cok) war, n^uch of HewJeU- Packard's 
((\s( and meivsurenient equipnient was bought, for de- 
fensp-rolafi'd applications, for which performance wns 
oftpn olparajiionnr impoitance. Today, the demand for 
RF and microwave test and measurement instnunenta- 
tion is driven primarily by consumer applications, such 
as the satellite, wireless, or fibi^r-opUc communications 
markets. In these extremely ctimpetitive niaikcts, keeping 
costs down and getting good value are cnicial. To lower 
the cost of RF and microxvave instruments, the cost of 
their microcircnits miust be reduced, since tJiis is ofl:en a 
significant portion of tl\e manufacturing cost of tlie instru- 
nient. It is ini])ortai\t when reducmg costs, however, that 
the pn^liclable performance and quick tiunarom^d time 
of the liadJtional microcirctiit be preserved. 



We have d<^\-e loped a fiiniily of higlvpeifonnance micro- 
circuit packages to be used for RF and microwave appli- 
cations. Within liP, the new fauuly is called MIPPS, which 
slands for /nulfirhip inipcjmlsubsirate PGA (}yin-grid 
(iryajj) package sofvfiorL 



The MIPPS modules meet the requJrcnuMits discussed 
above by providing liigh RF and microwave peri'onnanee 
at a lower cost per function thai\ previously available 
tlu'ough anew design that replaces many oxi)ensivc, 
D'aditional nucrowave packaging components with sim- 
pler, less-cx-pensive alternatives. The M1PP8 modtiles 
have been designed to work well uj) to 10 GIIz, which ad- 
di^esses most of the present consumer-driven ap])]icat ions 
where cost is critncal. To be inexpensive, the MIPPS 
n\odules were desig^^ed iron\ the outset for manufactiu-- 
ability and to use higlvyiolding assenibly processes. High- 
frequency electrical modeling using HP's Higli-Krequeucy 
Structure Sijnulator (HFSS) 3D modeling tool was used 
to vsynthesize the RF transition into the MIPPS module, 
resolting in ai\ electrical design that worke<l die Qrst tinie 
it was protol:yped. Leveragmg the ^[1PPS design ajul 
manufacturing processes for new MIPPS microcircuits 
continues to shoitcn the time needed to intioduce eacli 
succeeding MIPPS design. 



Figure 2 

Finished traditional mtcrocircuit assembly. 
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Reducing Cos* 

Figure 3 sliow.s an oxplodecl v/i(^w of Ihe hnsic MIPPS 
concept. The expensive porlioiis of the Uarlitional iniao- 
circuit have been ehanged to produce a lower-cost, ns- 
sen^bly. JUc first exainijlo of cosl" reduction is li\e way rhe 
module is electrical iy connected to the rest of the insmi- 
inenL. All connections from the in«tnnnent to tlic MTPPS 
modude are made by way of 0.020-inch-diaiTiel;er pin grid 
array (PGA) pins that: cost, peiuiies each, and are con- 
nected to the thick-lilm n^eiciUization on top of Uie cerairiic 
by a hemisphere of so id ex Tliis PGA connect ion is inex- 
pensive compai'cd l:o (he filtered dc feedthroughs and RF 
glass-to-met:.al. seals used in a uaditional microcirciiit;. 



Pitniro 3 



Exploded view of the MfPPS (mufti chip integrahsubstrate 
PGA package solution) assembly. 
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CpoxyPfaiorm 
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For dc connecl:ion.s, the unwiinted RF energy on the bias 
lines in the MIPPS rnodule can be st:ripped off wit^h low- 
cost surface mount components to an adequate degree 
in place of t:he coaxial capacitor used for the traditional 
microcir<:uiL feed. The PGA pins used as i\c feeds can 
either be attached to the prhited cu-cuit board by inexpen- 
sive singte-conuicr sockets, or by soldeiinf^ the pins direct- 
ly to the backside of the printed circuit board. Kx[)erience 
has shown thai plugging the MIPPS module into singh^- 
conl:act sockets Is desirabje because it allows much faster 
assembly or replacement of tJie MIPPS Jissenibly. 

RF coLUicctions ai'c made using the same 0.02t)-inch- 
diametcr PGA piiis used for l:hc dc feeds. Good RF perfor- 
mance is obtained by choosing the diann^ter of tlie hole in 
tlie baseplate tl>al tlie PGA p'm goes through. The proper 
hole diameter compensates for the capacitive discorit"innity 
of the metal pad on the tOT.) surface of the alumina to which 
the PGA pin is soldered. The RF transitions can be made 
cither direclJy to rhe pnnt.ed circuit boajYl if a low-RF-losvs 
pnnted circuit board is bemg used, or to an SMA cont lec- 
tor (either ban-el or flange mount) if the RF signal is t.o be 
sent or received through a coaxial cable. 

Tit e next cost savings come from re])lacing the mult ijjle 
stuall tlun-iiLin circuits used in traditional microcircuits 
with a sLn^e, large^ thick-fibii-on-cei-ainic circnit. A thick- 
fdm circuit that liashoth conductors and resistor's jniiilcd 
on it generally costs only 10% l:o 25% as nuich as a similar 
thin-Hlm circnit on ceramic, and additional savings are 
accrued In ass(m^bly. Assembly of the substrate to the 
metal baseplate needs to provide mechanical rigidity as 
well as electrical shieldu>g. T\vo things must be done to 
make this attachment reUable (no attachment failures 
over tempcratiu-e excureions). The first is to minimize the 
TCB (ten^peraiure coefficient of ex7)ansion) mismatch 
betwT.en the ceitanic and the baseplate. Type 416 stainJess 
steel w<is chosen as the best compromise of raw material 
cost, ease of mac-hinability to nunimize cost, and TCE 
matching with the ceramic, which is i)(i% purily ahunina. 
The next step to minhnize tJ\e stress on the condu<'livL» 
epoxy joint is to choose a mateiial that fonns a somewhat 
fle>dbl.e bond between the substn'ate and the baseplau^ 
Tlijs helps absorb TCE mismatch uuluced stress. MlPr\s 
modules with 0. SOO- by- i. 700-inch circuits have be(*n 
temperature cycled ten times over the - 55 (.' to 4 150'''(' 
temperature range with no failiu-es. 
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LLsiu^ii single ku*gc ceramic substi^are iiisreaci of multiple 
smaller subsiiaios as in traditaonal microcircuJts also pro- 
vi(le$ substantial savings during assembly. Instead of 
havii\i:j lo ninmially place and line up nuilliple circuits in 
a piifkage, a single substrate is assembled to a baseplate 
I hat has the c]:>oxy prefonn already tacked onto it. The 
aliginncnl between the thick-fUm circuit and the baseplate 
is acconi])lished by using tooling, Instead of "eyebaUing it'' 
as in 1 radii ional microcircuits. The problem of coriduccive 
epoxy wicking up bel:ween circuils and shorlJng out the 
eondnciivc^ irac(\s to ground, a perennial issue with tradi- 
tional microcircuits^ is completely avoided Ln the MIPPS 
module design. 

Another technique for reducing costs ijt\ die MLPPS module 
was to design it to take advantage of automated assembly 
techni(]nes. With a planar ceran^c circuit that has all the 
circ iiiti-y acciuateJy aligned to the oUier circuitry to within 
the toleraiK-e of (he thick-film printing process^ automated 
die attach and automated wire bonding are very straight- 
forward. This is contrasred witli a txaditional microcircuit 
containing small thin-Hhn circuits placed down inside 
det^p channels, requiring careful manual wire bonding. 
Aurohonding is significantly faster and more repeatable 
than the manual bonding process typically used in RF 
mirrocircuit-s. 



Maintaitii 



•• .^fi'iior.a' Mir.rct^ir riiiie -"^rforjii;: 



Tiaditionai microchcuits have good RF trai*\sitjr)ns into 
^md out of the packiige, low loss and low reflections along 
tiansmission lines in the package and when transitioning 
l)elvveen transmission lines and ICs, aj^d liigh isolation 
between circuit functions in the ])ackage. All of tliese 
elenuMits iu»ed to be ])reseived in any projjosed alteina- 
tive pack^\ging scheme. The first performance clialJenge 
t.o be tackled wjis (Jic RF tiansition uuo rmd out of the 
MlPPvS module. Om* target for MIPPS modules wm to have 
good RF performance up to 10 Gliz. The starting point 
was choosing the diamet(^r of tlie PGA pin as 0.020 inch. 
The ().{)2()-inch-dianieter pin is stan<lard for connecting to 
an SMA conned or. Thus, this choice allows us to make 
t^F transitions to the MIPPS module either from printed 
circuit board or semirigid coaxial cable. Tlie thickness 
of the baseplate* was set by suucttii'al rigidity concerns at 
O.ODO inch. The diajn\eter of the thick-film soldei" pad used 
for pin aitiich was chosen as a best compromise betAveen 
mechanical sirength and parasitic capacitxmce. 



f-lP's liiglvFi'equcncy Stnictiire Simulator (I IFSS) wixs used 
to determijte the hole diameter through the basephite tuid 
backside groundplane rehef on the alumina circuit Ijiat 
woidd give the best RF transition to 10 Gib:. Tliese simu- 
lations eventually led to a design tliat correctly electrically 
compensates tlie launch and gives better Hum ^lO-dB leturn 
loss up to 3 GHz and better th^m l5-dB retiu^n loss to 10 Gllz 
for a tiansition from an SMA connector to a 50-ohjn line 
in the MIPPS module. ILFSS was also use<l to design the 
RF transition to the MIPPS module from an iiiner-layer 
printed cij'cuit. board stripline. Tlie IIP Microwave^ Design 
System (MDS) was then used to create a physically based 
model of the ti'ansition, shown in Figure 4. New users of 
the M7PPS module familv' can use this MDS model in cir- 
cuit simulations to deteiTiiine how well the package will 
work for tlicir application. 

After tl\e RF signal enters into tl\e MIPPS module, it nc^eds 
to be able ta propagate down the transmrssion lino with 
low loss aJid nainin^al reflectioas. The 0.025-inclvtlvick f)(>% 
aluinina substrate used for ih^. MIPPS modules allows tiie 
use of gold conductor titw^es 0,024-inch wide for GO-olun 
signal Unes. Tlus is a wide enougJi hue to have low resis- 
tive losses for RF signals (<0.() dB/inch at Ml GH/), yet 
\he substrate is thin enough that the unpedaiu-e of the 
transmission line stays fairly constai^t from dc to 10 CAlz, 
The next-higlier-order mJcrostrip mode that could cau.se 
unwanted impedaj^ce discontinuities is well above 10 GHz. 
Finally, to have k^w loss and low reilections as an RF 
signal propagates down a trai^smission line, the edges 
of the line must be smooth. Tlie HP thick-film process 
used provides the necessary edge smoothness for good 
performance to 10 GHz. 

Many measm-ements tieed much gix-^ater tlum 100 dB of 
dynamic range, so high isolation is an extremely impor- 
tant criterion for microwave inslTumentaUon packaging. 
In the traditional microcircuit package, high isolation 
between circuit functions is maintained by keepnig tlie 
circuitry in narrow channels, which act its waveguides 
beyond cutoff for tlxe RF signab, being too nairow tjo pass 
radiated emissiorus. Tlie sante function is performed in a 
MIPPS module by having huncLcds of conductor-tilled 
vias tliat connect the bottom ground plane of the circuit 
with the metallization on the top. When the lid with its 
machined cliam\eLs and cavities is conductively e])oxied 
to the l:opsidc met^illization; the lid is vei'y effect ively 
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Electrical model for an SMA-connectOMo-MlPPS microsirip 
transition. 
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gi'oundtnl, i\n(\ iho wnvcguifle beyond cuioff chann<=^Ls 
in Ihc lid ihtMi provide the needed isolation, lb isolate the 
dc feedthrou.i^is and RF transitions to IJie printed circmt 
board from stray RF signals, a metal wattle gnsket is 
pUiced be1weci\ ihe MIPPS module and tl^e printed circuit 
hoard as shown in Figure 5, A similar wafile gasket Ls 



Figure 5 

MIPPS connection to 3 printed circuh board and SMA 
connectors. 




placed between the print tn) circuit b<^ai d and a backing 
plate to shieJd the backside of the printed circuit l>oard. 

Test Strategy 

Early in the project a decision wiis made to have all of liie 
PGA pins on 0.100-inch cenlei>; for com i)atibi lily with low- 
frequency P(iA packages. This allows MIPPS uK^dules to 
be easily testt^d at frequencies up to 20 MIlz using indus- 
try-standard 'zcro-inserfion- force sockets. Tlie tlrsi MIPPS 
product is a 130-dB electi'oiiic step attenuator used m KF 
signal getKM'ators at ny> t.o 4 Gil/. Oiu-e ihe RF ptnfonnance 
was initially characterized, a low-speed ac test was imple- 
mented, taking ai^proxiinately 30 seconds fo conii)kMe. 
A full KF lest is (k)ne after (hi^ part is installcHl on ihe in- 
strument printed circuit board, with better thiu> ^n% yield 
resulting. By providing a quick, ]ow-spe(*d screening at 
(he module level. duphcaUon of a lengthy mstrument-level 
test on the module itself is avoided. In adfiilion. the NflPPS 
assembly is tested before sealing the lid, allowing tnisy 
reptacement of defective ICs. For more con\ple\' modide 
designs, if a high yield at final RF rest cannot be aclntn'(*d 



O 
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with a sinipk"^ low-frequency module-levt>l tesr, more ox- 
umsive KF testing can be implemented before lid se^il io 
get the desired .yield at final RF test. 

MIPPS Projects 

Tlie fn-si MIPPS modnJe designed was a O-to-lSO-dB elec- 
tronic step allenuator opcrat;ing from dc to 4 GUy., wiUi 
attenuation adjustable ui 5-<lB steps. This module is pic- 
tured in Figure 6, wivjch shows a completely assembled 
package (top) aiul a \new of the attenuator thick film 
attached co the basej)late. The mod\)le is used in tJ^e HP 
E4-K)0A fanuJy of electronic signal generators. It is based 
on G^iAs IC step attenuator chips n\anufactuj ed by HP. 
Previous signal generators have used mechanically 
switched step aU.enuators, wluchhave exceptionally good 
t^ect ileal perfom\ance (very low loss and low levels of 
rellecled energy), but take approximately 50 milliseconds 
l,o switch and settle fi'om one atceu\iation state to the 
next. Alihough they are guariuneed to work for greater 
than five million cycles, they will eventuaJly wear oat. 
With the more complex and higher-speed modulation for- 
mats used in new wireless comjnunJcat;ions protocols, iUi 
well as the higher volumes of tliesc products, mechanicaJly 



Figuri^ f) 

The first MIPPS module, a Q-to- ISO-dB electronic step 
attenuator operating from dc to 4 GHz. (top) A completely 
assembled package, (bottom} A viewofttte anenuator 
thick film attached to the bsseplaie. 
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switched step attenuators were wem'mg out in HP's lest 
iristriunentiitioi^ aian unacceptable i'atc\ Electronically 
switched step attenuator's switch much faster and are 
more rcliat)le, but the challenge was to prochu-e one at a 
cost similar Co a mechanically switched step attenuator. 
Wliilc step att.enuator cJiips in surface n^ount packages 
mounted on pilnted circuit boards would be able to meet 
the cost goals for the electromcally switched s1ep att^nu- 
ator^ the electrical performance at 1 (tIFz in terms of loss 
and reflections would be bn adequate. For this reason, the 
bai'c GaAs chips are epoxied eitlior to the thick-HIm sub- 
strate or onto pedestals ntachined into the baseplate. WitJi 
GaAs switches that must have veiy liigh isolation in the 
off statx^, the inductance between the backside ground of 
tlie ciup and tnie ground must be essentially zero. In this 
case, the grounding vias that go through the 0.025-inch- 
thick substrate Lo coi\nect tlie pad under the IC to gioutid 
are too inductive. Therefore, these chips are mounted to 
a baseplate pedestal that protrudes thnuigh a hole in Ihe 
ceraJimc substrate. This allows the chip backsides to be 
connect-ed to ai\ excellent ground. 

An additional constraint on the electronic slx^p attenuator 
design was that some of the custonvns for die IIP I-MIOOA 
signal sources contaitiing this step at tenuator w<rre ex- 
pected to expose it to extremely huniid conditions, neces- 
sitating that the moduJes" internal components he com- 
pletely shielded from moisture. Tliis was accomplished by 
developing a process to a<ld low-dielc^-tric-constant, low- 
RF-loss silicone gel to ttie Intenor of the MUTS package, 
thereby protecting the GaAs ICs ajul r(^ducing the risk of 
moisture-induced met.al migration fiom the yilvcr-nilc<l 
electrically conductive epoxies within tlie assembly. With 
the current design, the MIPPS module will function with- 
out damage even if liquid water is introduced inside th(^ 
caxtty. 

The final MJPPS electronic step attenuator has a somc^ 
what higher inscition loss than a mechanically switched 
step attenuator. However, the MIPI\S electronic step at- 
tenuator switches much more quickly and should be able 
to switch reliably indefinitely, sinc>e there ai'e no moving 
paits in wear out. Tl\e fmished assembly wilh the MTPPS 
module, the switclring logic, the RF n^verse power pro- 
tection ctrctuti^, and l;he additlon^il HMl filf (Ting on the 
control lines ts shown in Figure 7. 

/Vn ijUeicsting addition to the standard MIPPS step atten- 
uator module occunx^d when the IIP instiinnent division 
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Finished assembly with MfPPS module, switching logic, 
RF reverse power protection circuitry, and additional 
EMI filtering. 




vising ihv MJPPS modnle iioLicod that, die output RF Jove) 
thi-oijgl^ ilio mofiiiJe was not compleidy switched and 
<^(MlU^d in the :.^S niicrosccoiRls neoessaiy for (;e.stlng GSM 
(a Eiu'opecui ccllulai' phone standard) equipment. This 
pro hi cm is cniised by the GaAs switches in the sxep atten- 
uator having ihe slon' mil ('Sf<'(-'l''- ^^^^ iruLial swifx.liing tak^s 
pjace vei^ qiiiclUy, b\it. it can take up lo 10 niiUi seconds to 
reach the final valuc\ It was discovered Uiat hi^h-intensity 
Ught can virlnaJly eliniinatc Uie slow* tail effect in tlie GaAs 
sv\atchcs. so a printed circuit botird containing HP's new^ 
miniatnie liigh-inteiisity LEDs (one above each GaM stop 
attenuator) was incor:)oratod on top of the A'UPPS module 
as sl^own in Figure 8. The love-cost nietl^od by which 
these ai*e integrated into the niodule also made it possible 
to do this for a relatively small incremenlal cost, and 
shows the flexibility of designing in the MfPPvS Xonnat. 

Another MtPPS nK)dT)le under development is used in the 
HP 8509X RF electronic calibration niodide. Previously, 
mostnel^vork analyzer cahbiation has been done using 
mechanical ciilibratioa standards that were sciX^wed onto 
the end of the network analyzer cables in a procedure that 
took five minuies or longer. Although electronic calibration 
modules have previously been offered by Mi^, they covered 
a tun i led frequency rajigo and were relatively expensive, 
hi (l(\signing the next-generation RF electronic calil)raiion 
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Cross section of a MIPPS module with light-emitting diodes. 




products, it was important to keep the costs down and 
pro\nde an operating frequency range of 300 kPIz to over 
6 GHz. Both of these goals were achieved with the KF 
elecironic calibration MIPPS inodnle, incoiporating eight 
GaAs ]C switches to svvitch open circuits, sl\ort circuits, 
tluough biies, and SO-olun loads h\ and out. It is possible 
to completely calibrate a network analyzer in about 
30 seconds, using only a single set of RF conntvtions. 
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The tester's fealures include a timinc] interval analyzer for statistical analysis of 
clock periods, synchronous yeneratinn of arhitrary waveforms with f-esper.t tn 
master digital clocks, and a library of digital signal processing routines. These 
features have been applied to production measurements of key parameters like 
AGC Innp bandwidth, phase- Inckerl loop timing jitter, and ADC ^^.icjnaMo-noise 
ratio and distortion parameters. 
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. n recent years, there has been significant LheoieLical work on doilning 
a methodology for fault del.ecLion iind classification in analog circuits.'"' 
However, because input-output, lolatioii.ships are more coniplcx Cor analog 
circuits than for digital circuits, the dc\Tlopinent of a systematic, auioniaied 
ai)proach for detecting defects in analog circuits is tar behind ihe dii^hal 
counteipai't. For tliis reason, imp] e mentations of analog test strategies remain 
largely functional.'^ This is also the case in the work desolbed here. 

The purj^ose of this paper is not to furt;her the state of mixed-signal lo^si ilu^ory 
and methodologies, but, i^atl^er to shaje witJi tl\c I'eader the state of mixed-signal 
testing within the UP Integrated Circuit Business Division (ICBD) to<lay. We 
present descriptions of the test development processes for a partial resi)onse 
maxinuim likelil^ood (PliMl.) road cliannel ASIC and a charge-coupled device 
(CCD) signal processor ASIC, including specific examples of analog test 
iiuplementation dcmonslraUng some of the capabilities of Ihe UP i'lfu) ioskm- 

The read channel TC was designed for MP's DDS3 format DAT (digital audio 
tape) dijve. The CCD signal jMocessor Is a thrcc-chaiuiel interface chip 
designed for HP's scaiuier producls. These cliii^s contaiti significant analog 
functionality, inchiding programmable and auton>atic gain control (AGC) 
aJupUfiers, switched capacitor fjlteis, a clock recovery phase-locked loo]>, 
moderate- aJid liigh-resolution a?ialog-tO"digital converters (ADCs), and several 
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rli,!:^irrLj-io-anal()g converters (DAGs). Tlie (;csc siratcgj' ini- 
[ilemeiiU'tl for these bloclcs wirvs largely I'lnictionaJ. Many 
cuoiiits (^ould )ior afford the adclitionaJ complexJt^^ and 
parasiiirs oremhodded Lest access. However, provisions 
were made in the designs for accessing ii^puts aj^i oucpnts 
t)l.' fnnctional blocks, and to allow special test modes of 
oiKMalion. The HP 9190 testO' has sutTicient analog le- 
sources to efficiently execute detailed fiu\ct:ionaI testing 
with hifjh resolution for detxu-tij^g subtle variations in per- 
formance resulting from process variations and defects 
{five "'IVster Description*' on page G6). 

The tMiiphasis of this paper is piimaiily on analog test, with 
specific examples given for the read channel AGO and 
Ijhast^-lock(Ml loop blocks and the ODD signal processoi' 
iinalog signal path. 

Test Program Evolution 

Tlic test i^-o^ams for the read cliannel and CCD signal 
processor chips both evolved in iJiree dislijKl piuises: 

Timvon 

PerfoiinaiuH^ veiilication and debug 

ronsorulation and production wonhlness. 

The tuni-on stage, typically lasting a few weeks before 
and M'lcv last silicon, involved putting together a vei^' 
basic screen test consisting of continuity test, reference 
voltage veiiQcation, digital fm^crional vectois, and tests 
for signs of life from iJie analog blocks. Simplicity of the 
initial analog tests was necessaiy to get screened paits 
inro the customer's hands quickly. We discovered that 
(k^velopment of complex analog tests required an intimate 
knowledge of the re.st:er and the overall ftuicdoii of the 
chip, thi^ main challenges being getting the cl^ip into the 
desij(xl stale, constmctlng the con-cct analog stiniidus, 
and synchronizing the analog and digital inputs. 

The performance veiification and debug stage of test 
developuK^nr lasted from after the iintial protot-ype sbip- 
n)(vnis until artv^'ork release for the final cMp revision. 
During (his stage, digital and analog 5l:aT.ic cnirent tests 
wen* dc^hugged, pad leakage tests were added, and any 
renuiining digital functional tests were added, but the 
minority of 1 ime was spent addijig complexity ajid leHne- 
meats lo I he original analog tests and creating new analog 
tests to verify chat all analog funciions met the required 
spetifications. Often tlus activity was interaipled by tJic 
t^eed to create st)eciric tests l-o debug miexi^ected behavior 



discovered either by the cusroniei" or tlie test develop- 
ment process- In the case of the read channel ASIC, the 
customer provided a test harness that could be used to 
power up the cl\jp, wiite to registers, iind view outputs 
while siamularing the analog inputs. Tl\is proved to be very 
useful for debug activities. However, I here were several 
cases in wliich the HP 9490 testers ability to control the 
timing of analog mputs and capl:ujT outputs on a cycle- 
l>y-cycle basis was mvaluable m isolating design bugs or 
margiiuilities. 

Duiing the final test development phase, the nmny analog 
functional and deb\jg tests were consolidated into fewer, 
more efficient testes. For botl\ ICs, w^e retained tlie capabil- 
ity of putting the test programs in a debug mode hi which 
additional data is saved in diagnostics files and cai)tur(>d 
wavefonns aie s>xve6 for vieMing. 



The strategy used for guavanteciitg that the analog blocks 
were defect-free was fii^st r,o measure l;he analog supply 
current in both the static 0>ower-dow^n) and pow(M-on 
states, and second, to generate functional tests that both 
isolate snl>blocl<s and mimic custon^er use to verify all 
specifications listed Ln the J-^^RS. The general premise was 
that a manufacturing defect would cause an mdividual 
subblock such as an op amp or comparator or a larger 
functional block to produce an m^expecled output or 
compromised perfonnnance. An unexpected output nught 
be an incorrect compaiison, an uicoixectdc level, exces- 
sive offset, ijistabiUcy, or an unavailable mode of opera- 
tion. Con^promised perfonnancc might be measuivd in 
teiTus of gaii^, lineaiity» dynamic i-ange. resolution, settling 
time, bandwidth, acquisition range, dt^tection threshold, 
or some other appropriate measure. Vci-y often, uvdivid- 
ual subblocks camiot be specifically isolated, but their 
performance can be infcired from higher-level tests that 
exercise die subblocks in a variety of w^ays. 

Any attempt to assess test coverage must first consitler 
how a possible defect could manifest itself at one of the 
obseivation pon:s. Tlie obseivable effect of a given tyi>e of 
defect wiU vary depending upon several factors, including 
the function of the block and the location of th(^ defect. 
Genenilly spealdng, in a fully differenilal cin-uit such as the 
read cliaimei AGC, a defect that occurs in the differential 
signal path Ls likely to ca\ise some type of offset. wlKMeas 
a defect occmiing in common-mode circuiti>, such as bias 
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Figure I 

Read channel analog signal path with simplified test access circuitry and HP 9430 analog resource utilization. 
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circiiiLs, o)' single-ended signal palJis is Ukely to cause 
faults such as improper dc or common-mode voltages^ 
excessive cunent. or reduced range of operation. 

Specification liniiis aie set based upon both the customers 
perfornuuice roquireniems and the obseived distribuiion 
of the test pannncters dujing chai'actei1zat:ion testing- Test 
sp<rifical:ion vrindows must be set wide enough to cover 
expected process variations, provided that tliere is atl^ 
quate performance margin, bul narrow enou^gh to we^d 
out def(^cls (hal cause "soft'' faults. Of course drawing the 
line between process v^uiation ai^d soft, faults is a tricky 
business, which can l,)t^ mitigated to some extent by multi- 
ple tests with ovedaj^ping coverage of potential detects. 

r........ - . .,4 rhannel IC 

For a complex ai\alog system such a5 a PRML read chan- 
nel, it was necessai^ ft) design in test access points that 
allowed tJie inputs imO. o\itputs of liuictional blocks to be 
stinndated and measured as directly as possible. Such 
access proved invaluable in del>ugging at\d verifying rha.t 



Uic ijKlividual blocks met their respective design goals. 
It was also useful for achieving a level of test coverage 
ade<iuatG to meet quality goals. The rt^ad channel design 
includes an ajialog test multiplexer with programmable ac 
and (^c test patlis for i\vpassii\g analog blocks and obseiv- 
ing Lnt€n\al nodes (Figure 1). The ac test paths are iso- 
lated from the main signal path by muisnussion gates (T) 
and wideband diffeuMitial buffeis (13). Two pads (TMUXOP 
and TMUXON) dedicated to obsei-ving iinalog voltages have 
a pair of wideband ac buffers capable of drivi]\g ihe lester 
load, including the lO-kQ input impedance of tiie ILP ^)lf)t) 
20-MIiz digitizer. AuxHiaiy differential iniml pads (TMUXIP 
atul TMUXIW) aJiow tJic AGC block to be bypassed and tl\e 
ADC, preaiiible detector, and clock recoveiy block inputs 
to be driven directly. Indi\ddual control of ail Iransniission 
gates in the test patJi allows calibrarioi> of the dc olTsct of 
the buffer paths. Tlie lead channel IC also includ(\s a digi- 
tal test maUiplexer that direcis digital outputs generaKnl 
by analog blocks to test pa/rls. 
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Additioiml coniitraiiir.s placed on 1;lie design of the analog 
l>lock.s wore thai (1) they iioeded to be individually pow- 
ered down 10 ast^atc in whicJi diey drew no cun'cnt. fix)ni 
tho analog supply (2) analog ouLputs wore i.risl.ai.ed (in a 
high-impedance slate), and (3) digitd ouljjuts were dnven 
ro the rails. Also, the current drawn by m\y block fr<ni^ rhe 
analog; supply was required to be proportional to a refer- 
ence current set by an on-chip baiidgap reference and £u^ 
t^xtenuil precision resistor 

Testing the Read Channel AGC 

The AGC block, pictured in Figure 2, is one of the most 
complex analog systems tested on the TC'BD HP 0490 
testers. It includes a fully dilTerential four-stage variable- 
gain amijlifier (VGA) witl^ a gain rai^ge of 12 dB to 32 dB, 
a ilxed-gain lineal' ont:|:>ut amplifier, coniinuons-tinie 
global oi'i'sei Ciaicellationj a peak follower for ^rniphfude 
detection, a programmable operational transcondnctance 
amplifier (OTA) for multiple loop bandwidth selection, a 
7~bit DAC for output amplitude settingj and circuitry thai 
adaptively eliminates the gain step that occurs at the DAT 
pivamble-dala boumlaiy. 



Figure 2 

Read channel AGC (automatic gain control) block diagram. 
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The si.^eciJfications used to design this block were used as 
a guide for developing the test routines for debug and per- 
formance vcrlficaiion and finally for production scTeeniiig 
tests. Tl^c Uu-ee test input ports for the AGC block are the 
VGA input, the gam control input, and the digital input to 
the reference DAC. The tt\st output ooits include \he am- 
plifier chain output, the peak follower output, the DAC 
output, the loop filter output, and tlu^ output of the gain 
step adaption com[)arator. Neculless to say, this leaves 
many uiternal circuit ivodes that can only be observed 
through their interaction with (he outputs of major sub- 
blocks. 

The AGC block test is separated Lnid several sui)lesis 
which individually target the amplifier chain inchiding 
offset cancelJadon, the peak dc^tec^tor, the AGC loop, t he 
gain step adaption circuit, and the DAC. In many cases, a 
subtest will exercise a large portion of the AGC system to 
produce the stimulus needed to extj-act the piM*formanct^ 
n>easuie of a particular subbloclc. Tliis resuhs In an over- 
lap in coverage, w]\ich increases overall test covtMage. 
The ampiifier chain is U^a^ici] by allowing the ACJC looi> 
to lock sepaiately to tluee different -2-MH7 sine waves 
with input amplitudes covering the extremes and center 
of tl\e VGA input dynamic range. The iimplifier output 
is digiti2ed for tlie three different in]>uts by an I-IP 0490 
20-Mlh digitizer tl^rough ihe analog test nmlti[)lexin' out- 
put pads, A fast Fourier transform (FFT) is peiformed on 
the tln-e<^ sets of digitized data to extract the output amj^li- 
tude, offset, total hai-monic dLstortion (TMD), and signal- 
to-noisG ratio (SNR), which are all compared against 
pass/fail limits. Adcbtional n^ciisurenuMits are made of 
tlie amplifier output common-mode level and of the test 
buffer path offset for correction of the amplifuM- chain 
offset measui-ements. This series of tests providers wide 
coverage of potential defects in the amplifier chain and 
the rest of the AGC loop. 

Tlie decay L'at:6 of the peak follower output Ls an ijnpor- 
tant parameter because it detenniues how the AGC loop 
will respond to the varied and sonietunes sparse peaks of 
digital audio tape (DAT) data. For this reason, a specific 
test was written to exti'act the decay rate from a digiti7.ed 
peak follower output with the AGC loop lock(Hl to a 
I'MHz sine wave. Another key parameter for the DAT 
read cliajuiel is the accuracy of the AGC loop bandwidtli 
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.sctljugs, cypcciiiliy in the Jow-bandwldlb mode, wliich is 
Iho primary mode of operation during a road cycle. The 
loop bandwidlh is niosl, easily measured by monitoring 
the VCiA c-onirol vollai^e when a sLep in input ampljtxide Ls 
applied to the V(;a inimi. A low-iVequency (MVn[/.), high- 
input-impedance (l-MQ) digitizer was used for tlxis task. 
Since tlie AGC loo)) hcmdwldth is directly propori.ionDl to 
Ww gain conlrol s<'nsiliviiv oi' tl^e VGA, Lhc uieasurement 
was perlormi^d thnn: times with )n"mijiinm, nonrvinal, and 
niaximmn V(;a inpui amphtudes. The input signal cl\os(in 
was a 0-Ml.Iz sine wavi^ (same IVequency as the DDS3 for- 
mat pn^amhhO with a ^-dB amplitude step after [;ho loop 
was hiilially scMHed. Figure 3 shows tlie differentially 
digitized «ain control voltage during an input step, a^i 
displayiul by the IIP niDO waveform editor. Also plotied 
is the (^xpon(M\tial euivc fit extracted fron^ tiie digiti:^ed 
data by a sin^ple C roul \nv hi llie test pro<(jain. The ciu^^e 
fit is periormetl to api)roximate the loop time constant 
ant! hence ihe loop bandwidth. 

As pr(*viously mentioned, the AGC loo}) bandwidth Ls pi'O- 
faanimahle by selecf ion of different values of transcon- 
dnclance of the looj) inuisconduetancG an\plifier. The 
faster-biindwidth modes are selected by on-chip state ma- 
chines at the bei^innin.s^ of each Ixack read whoi the AGO 
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Measured AGC gain control voltage during a 2'dB step in 
input amplitude. 
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miistqmcidy acquire Lock from the al)sence of signed to a 
preamble segment at the beginning of («ach Hack. A test 
was written that sinuiiatcs tiiis condition by (.hiving the 
VGA ijipxiT with a low-ajupljtude noLse signal follovve<l by 
amaxim\im-amp]itude pre^unble signal with an expoiu*n- 
tial turn-on envelope. Tliis is the most taxing situation 
for the AG(; loop because it must go from a condition in 
which Ltie V(rA gain control is railed to being settled in 
the minimum-gain condition in a shoil jjeriod of lime 
(before the end of the preamble). The in-eainbh* deleeior 
block and on-chip state machines <ne tmabled dtiring this 
test: .so tl'^at tJic loop bandwidth switching oecurs as it 
does in normal use. Tlie gain control voltage is digit i/tui 
and then processed by C code to veiify thai Ihe gain has 
settled to within the acceptable limit biion^ IIk^ imi\ of tlu^ 
mhiimiun letigth preamble. 

Additional tests an^ implement(^d that fully exercise (lu^ 
reference DA(', the gain step adaption comparator, and 
the analog sigi^al ]>ath from the VCJA through the on-chip 
ADC. 

Testing the Read Chonnel Phasu-Locked Loop 

Tl\c read channel IC includes a mixed analog and digital 
phase-locked loop block, which i'ecov<^rs the clock signal 
from the DDS-foiTuat data st.ream. The re-covered clock 
period is (jUi^itizcd in increments of one-sixteenth the 
exteinal system cloclc The pluise-locked loop mainlains 
Llie phase relationsliip belAveen the recovered rlock and 
the daia stream by intei-spei-sing short ( 1 iVUi) or long 
(17/t6) clock j)enods witli nonunaJ clock periods. Taking 
advantage of the capabilities of U^e HP 94f.)0 tinnn.i^ inter- 
val ajialyzer, a t^st was written that mt^asur(*s the |)eriod 
of each recovered clock cycle with the phase-locked loop 
locked to a sin(^ wave having a period 2.ry)n short(^r than 
the nominal data period. Figure 4 shows the result ing 
histogiam of recovered elock i^eiiods (as disi)layed in ihc^ 
IIP D4!J() waveform editor). The ov(M'aU n\ean ckwk iK^ricni 
is calculated to verify thai the recovered clock frequency 
is 2.r5%higiior than the system clock freiiuency. The stan- 
dard deviation of the shoit clock periods is tested against 
pas.s/fail limits as a mciisure of the uniformity of the delay 
elements of the IG-tap analog delay line within Ihe <lock 
recovcL-y block. Additional t^sts were written that (1) indi- 
vidually verify the thresholds of lh<^ 'Vl conqiaraiors in 
the phase-locked loop phase sampler (2) verify that the 
phase-locked loop can acquire lock to sine waves with tin* 
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Tester Description 



Al the HP Integrated Circuit Business Division, HP 9490 mixed- 
signal testers are nominally equipped with the following 
resources 

Tvw IZB'iVlH; dual-channel 12-bit arbitrary waveform 
generators (AWG) 

Two ! -MHz dual-channel 18-bii AWGs 

Two 20-MH/ dual-Input 12-bit diciiiizers 

Two 1 -MHz dual-input 16-bit digitizers 

Two 1-GHz-bandwidth, 1-MHz-rate samplers 

One multiplexable dual-channel lime measurement unit 

(TMU) 

One multiplexable dual-channel timing interval analyzer 



One precision voltage measurement unit 

■ One precision voltage source 

■ Two fixed and one multiplexed universal dc precision 
measurement units (PMU) 

Four dual-output DUT power supplies (DPS). 

The test head includes 12B pins with per-pin dc function con- 
trol. The m:aximum digital test frequency is 64 MHz (128 MHz 
with pin multiplexing! with edge and formal changing on the 
fly. Vector depth is 4M bytes per pifi. The digital lest subsys- 
tem includes debugging tools such as shmoo plois, sequence 
debugger with fail mapping, and digital waveform display, 
tspecially useful for testing of ADCs is the digital data capture 
capability with 500K-byte depth and special hardware for high- 
speed digital signal processing. 



niaxinumi px:pect-e(l. frequency offseL, and (3) measure the 
accinacy of the phase-locked loop phase offset ijelXing by 
examining the phase at which the on-chip ADC samples a 
sine wave to which \hc phase-locked looj) is locked. 



Fis3;ure 4 

Histogram of2QQQ recovered clock periods. 

240 

■a 

•c 
s 

i 160 



Z 120 



80 



40- 



A 



Short 115/181 
Clock Poriods 




-l-H-K I n 1 1 1 1 1 1 ] t ] 1 1 1 1 1 1 1 1 H-l+H-H-W+hi-H-H-f-l-^-H+HH-H-W-hH 
j Clock Period (08.83 ps/div.) | 

26.04 ns 27.7B ns 



Read Channel "est Sinnmiarv 

The final read channel production rest is composed of 
22 anulog sLil)t:est;s, a digital scan subtest. 18 functional 
digJtaJ suhtests, and tiu^ee additional subtests Lbr continu- 
ity, pad leakage, and static cuirenL The ovorall l(»st exe- 
cution linie Is just under 7.5 seconds, whli approxinmieiy 
5.5 seconds for tlie analog tests, 0.5 second for Uie digital 
t(?sts, and 1.5 seconds for l.he reuuiiuder. 

Testing the CCD Signal Processor IC 

The (/CD signal processor is a CMOS-biised moitolitlue IC 
Chat interfaces color (RGB) signaJ outputs from a CCD to 
a main ASIC.^^ The n^ajor coni.ponent.s of this 1( - are i \nvo 
switched-capacitor S-bitpi'ogranimi;b]e gai.n ampUfiers 
(PGAs), a iO-bit successive approximation ADC. and a 
6-hit utility DAC (Figuxe 5, DAC not shown). The three 
PGAs ])GrfoiTn 8-bit programmable offset compensation 
and 8-bit prograrrunable amplillcatioji on th(^ coi relatt^d 
double-sampled CCD signaJ. Tl^e ADC digitizes each of 
ll^e PGA outputs in sequence, and the 10-bit converUvj 
codes for the RGB signals aie serially out:])uL on ilwcc VO 
pins. Tlie correlated double samplir\gimd amplifieaiion 
stage can be pipelined with ADC conversion and serial 
dat:a output to maximize througl^:)ut . 
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Figure r> 

CCD (charge-coupled device) processor signal path 
block diagram. 
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Signal Path 

A typical CCD signal sampling sequence with Lliis IC is as 
follows. The R (or G or B) signai Ls first held hy the CCD 
c\t its black level, conesponding f,o the voltage output 
from the (VU pixel under no illuniinalion. Then tl^e CCD 
outputs transition to the video level, conesponding to 
tlu^ integrated Llluminniion on that pixel. This coi^iplete 
smgle-pLKcl outpul cycle is initiated by tl^e START pulse 
from th(^ main controller IC. 

To perfoiTn correlated double sampling, the black level 
from each pixel is sampled and subtracted hom the sam- 
pled video level by (he IC. The positions oftlie black sam- 
ple poim and the \adeo sample point ai-e 8-bit program- 
inat)le in terms of the munbcr of cycles from Uic end of 
the START putse. The dilTercnce betweei> the btack aiid 
video levels for each pixel is amplified by the PGAs ^m.d 
then sampled and convoi'ted by tlic ADC. 

Tastinq tha CCD Signal Path 

Because of test Idme liivut^tions, we employed simplified 
versions of ramp and sitmsoida] tests To test the IC signal 
path. We will describe the sinusoidal test here. It is as- 
simxed that the reader is familiar with concepts of ADC- 
quantization noise. 



Theory of Sinusoidal Test. The interested reader is re- 
fened to several excellent publicatioi\s on ADC li^tin.!^.'"'" 
Biiefly. the quantization noise of an ADC with a truly ran- 
dom input can be shown to have a meaJi sqvunv variance 
(or noise power) of A-/12, wiiere A is the least-significant 
bit. By selecting ft sij^e wave frequency that is not hannon- 
ically related to the sampling frequency, we can achieve 
quasbandom sampling over several cycles of the sine 
wave, and the ADC' quantization noise power wiU a])prox^i- 
inate A^/12, We also assume that the sine wave exei-cises 
rhe fiill ADC range, that is, its peak amplitude is 2^A/2, 
where N is the number of l)its. Tlien: 



Signal Power - 2--^ ' x A 



Noise Power 



12 



SNR (dB) := 6.02N -t- 1.76. 



(1) 



(2J 



im 



Tlie signal-to-noise ratio (SNR) provides a qnantiraiive 
measure of the pofonnance of the ADC. For example, an 
ideal quantization noise lunited 10-bit ADC should yield 
an SNR of 61.96 dB. Tl^e practical !C signal path, hrmc^ver, 
will have its SNR limited by impairments such as random 
noise (fundamental and circuit-induced), distorlion (from 
device nonlu^earit;ies), component nrismalches, sami)ling 
time jitter, and so on. A measure of the actual perfor- 
mance of the IC signal path can be doriv<*d by calculating 
the effective number of bits (ENOB) from the measured 
signal-to-noijic + distortion ratio (SNDR) as follows: 



ENOB = 



SNDR (dB) - 1.76 
6.02 



(4) 



Alternatively, the ENOB can also be calctdaied by com- 
paring tlie measured noise + distortion power, NDnu-ns. fo 
its ideal vciluc, Num-vi] ~ A^/12; 



ENOB - N - log2 -^'--- 



-^Dmoas 



(5) 



This method is chosen for calculating ENOB becaust^ il 
does not require the signal patlt to be driven over its full 
rtinge, eliminating the possibility that the PGA and ADC' 
migl^t be overdriven and clipped, yielding an inarcnrai<^ 
SNDR. 
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I'lgure 6 

Sinusoidal testAWG I arbitrary waveform generator) 
wave form. 
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Test Signal Generation, ll is iLssimied rJiat Uie black aiul 
video samplin,!^ positions arc clioscn sucli tliaL alJ Uan- 
sionts associated with the black and video level tcansi- 
lions are seiileti. As such, Lhe signal i)al.h is insensitive to 
the lV(Miuency of the in[)ut signal (\ip to the Nyquist rale). 
A 128-Mnz 12-hii arhita-ai-y waveform generator (AWG) 
wixs used io generate a sine v^-ave created IVom dat;j points 
generated by a custom program. The AWG rate and the 
digiial clock wcw set Io 20 MH^, and a sine wave of about 
1 kll/ wirLs used. The ntmibor of points digitally eaptiurcd 
was limiKHl i:o 102 1 to reduce test execution time. This 
number nmst b(^ a power of 2 to use the HP 0490's built-in 
FFY I'ontines effectively. 

The ICs signal path range is to 2.5V (ac coupJcd), while 
the AWG range is -4.4V to +4.4V. To jnaximlzc the reso- 
lution of lhe AWG wavefonn, iJ\e sine wave was generated 
ovi^r I he full AWG output r^mge. with the AWG interna] 
aiienuaior sel lo - 10.93 dB. This n^sulis in a maximum- 
r(^solnfion AWG siguid tJiat is wiihLi^ i:he input range, llow- 
ev(M-, to avoid inadvertent clipping, which may result from 
P(;a or ADC gain errors or offsets, we limited the sine 
wave an\phrude to 05% of the full AWG range, hi the initii\l 
stages of rest development, we monitored the SNOR of 
I lie AWC; waveform and found that its ENOB was nearly 



1 1 bits. Tlie noise input power of tJu* AWG was st\l)irac((*d 
Horn the measiued signed path nois(^ power to yield tlie 
effecQve measured noise power NDnn^iis. which was tlien 
used to calcidate the ENOB. We assumed that the AW(; 
noise was independent of the signal path noise. 

Various low-pass fUters (up l.o 132 MHz) arc availabk^ lo 
improve the SNR of die AWG outi3Ut wav(>fornt, but they 
were not used in tliis test because of the sharp transitions 
required bel^vccn blaek and video levels. Figure 6 illus- 
traies the l-kl-I/ wavcfonn created for the AWG. whiie 
Figiire 7 shows the details of the waveform near its start. 
The difference bctAveen the black level (4.4\0 and lhe sine 
wave envelope constitutes the input sinusoidal signal. 
The maximnm rate of change of tliis waveibrm is about 
8-GV/50 ns= l72V/^s, which is well within the slew rale of 
theAWG(600V/|is).^' 

Test and Data Analysis. The START pulse, which initiates 
the COD signal processor conveision cycle, nmst he 
synchroni2ed to Uie AWG wavefoiTu. The .AW(; must be 
started at the same Lime as tlie llrsi START pulse, ami 
subsequent START pulses must be synclu'onized with the 
beginning of each black level iji the AWG waveform. The 
HP 941)0 (<,^ster allows synchronization betW(H;n the AWG, 
the digital pattern generator, and oiher niixed-signaJ 



Figure 7 

Zoomed'in sinusoidal test AWG wa\/eform. 
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resources to wiUiin 1 ns when owe master cLocJk is used. 
This resolution liniii increases to rlie mascer clock period 
(7.8 ns) when two master cloc:kii are required Lo iniple- 
ineni the tesi. Tins synchronization feaUire is fully ex- 
ploited in the (est. The serial data o\itput of the IC is read 
into the HP 9490 digital capt:\irc memoi-y and retiieved 
into the rest workstaticni mcnioi'y for analysis, A t.yi>ical 
retrieved wavet'omi and its Fourier specbimi ai'e shown 
in Figure 8. 

Fouriei' ajialysis of the ic^Dieved wavefonn is peiformed 
by buill-iu digical signal processing (DSP) algohthms. 
The fundanunual amplitude, phase, dc offset, SNOR, total 
hiinnonic distonion (THD), second-harmonic distortion 
(2HD), and third-hannonic distonion (3ITD) are extracted 
by cuslomized routines that call upon budt-Ln discrete 
Fourier transt'onn (DFT) routines using FFT methods. It 
is not necessaiy to capture an integial nimtber of cycles, 
since the custom routine Jias a built-in Planning window- 
ing function.'^ 

The total noise + distortion power is calculated from (he 
llmdamental an>plitudt^ and SN13R value, and is coirecrted 
for the noise power of (tie AWG. Tlie ENOB is caJculalcd 
\ising ecination E>. Tl^e ENOB for the case shown ui Figure 8 
is approximau^ly S.4 bits, correspondiiig to a PGA and ADC 



SNDF of at>out 52.3 dB. ^Hie THD measured is -5;^,.! dB, 
while the 2HD is -fyCxG dB (Figure 8). This particular 
IC's PGA and ADC perfonnance is thus distortiondimiied. 
AJthough THD, 2110, m\d ;3HD are not tested parameters, 
llvey provided invaluable insight into the source of SNDR 
bmitatioiis d\mng tiie debug pliase. The iiUegial noulijv 
carity O^^O error profile can be obtained by subtract in.^ 
liie retrieved wavefoiTu from the fundamental, and the 
maximum and root mean square ENfL error cai> be derived. 
A tyi^ical INL error profde is shown in Figure 9. We did 
not test all of lJ\e 1024 ADC codes. Differentia] nonhnemiiy 
(DNL) cnors can be calculated fiom similar INL profiles 
obt.aincd from liigh-resolution i-anip tests. 

The paranietx;i-s tested in the sinusoidal production test 
are fimdamental amphtude, ENOB, and maximum JNL 
eiTor. Tl^e dc offset, THD, 2HD, and 3HD are used for de- 
bugging purposes only and are saved into diagnostic tiles 
durij\g nonproduction debug modes together with funda- 
mental amplitude, ENOB, niaximun^ INL error, and (he 
vLirious wavefonns illustrated here (e.g., Figures 8 and 9). 

Tlio HP 9^90 nuxed-signal tester allows optunixation 
(minimization) of l;est iLme by pipeUjiing digital pattern 
execution tjn\es with data analysis. Tlie benefit of doing 
tills m our case was nurdnialj since pattern execution 



Figure ^ 

A waveform retrieved from the AOC snd lis spectrum. 
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times were extieaiely fast coniparecl in data analysis 
f lilies. The total ptoducLion test time oj'this IC on \he 
HV 9490 tester was about t wo seconds. 



Conclusion 



Mixed-sijLinal test is a developing field within ICBD with 
many interesting challenges and room for atlvan(;es u\ 
theory, methodologies, and stajidcU"dj"/at,ion. The IIP f)490 
lesier has been proven to be a veiy capable plal form for 
testing complex analog circuitry as demonstrated by both 
I he PRML read channel and CCD signal processor projecLs. 
Provisions made for conlTolJability and observability of 
analog signaJs during the design process can yield higlily 
teslabh^ d(\signs. However, the development of mixed- 
signal tests continues to be a custom process requiring 
detailed laiowledge of both the tester and Lhe circuit 
undei" t^est. 

The authors would lUke to acknowledge Tom Schmerge 
and Hal Cook for their help in test implementation and 
debug, the read cliannel team in Corvallis, Fort CoLLins, 
and Bristol, particularly Charles Moore, Ttoh Morling, and 
('hri.s Williiuns, for their help with test strategy, and the 
l'"oii Collins mamifactunng engii^eei-s, techiucians, and 
ojXMators for i>roviding HP 9490 support. 
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Reliability Enhancement of Surface Mount 
Light-Emitting Diodes for Automotive 
Applications 
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Preencapsulation drying eliminates broken stitch bonds and reduces 
inconsistent reliability performance. A new casting epoxy formiilation 
stops epoxy cracking, and optimization of the die-attach epoxy cure 
schedule solves lifted die-attach and delamination problems. 



T 



-he cuiTcntdu'ecUon of the ?iutonK>tivc lighting industi-y is to uuTOiuso I ho 
use of printed circuit hoard surfaot* ^xiea and to improve reliabiiily to ox((HmI 
O^at. of tJ^G conventional Ught bulb. The two m^jor catogoiies ol' light-eniitiing 
diodes (liBI^s) used in the auU)mouvc industry are oxlc^rior and inlorior. 
For interioriise, HP's surface moiuM: HSI\l3:-Tnnn LEDs (36 producis, e.g.. 
HSMA'T':125) had uppUcatJori potential, but t;heir reliability needed to l)e 
enhanced to better suit the increasingly stringent automotive applical ion.s. hi 
particulaj; iJ^e MP products had to coiifomi to Lhe European C'eneU^r I']l(^elroni<' 
ComponenL^ ComniittGC (CECC) standard.^ 

MP HSMx-Tnnn LEDs 

hitroduced in 1900, the 5urfax:e moLint HP HSMx-'n\nn LEDs (see Figure 1) 
occasionally experienced broken stitch bonds and epoxy-leHcUVam*^ 
delamination when soldei'ed. In September L^95, a. second-general ion ])roduci 
was released. This product resolved the broken stitch bond prohlenvs and 
improved the faiJiuc rate in temperatiu'e tests from an average of 120 pjim to 
ppn^ after Tive leniperaUue cycles. Extended temperature cycling between 
-40"C and 85°C for 20 cycles showed a significant Improvement, from an 
avei-age of 4500 ppni to ppm. 

On the downside, i.hc jirodvict becajTie son^ewhat n\ore soi^siUve to moisture 
absorption and was not able to jneet automotive market requiremenis for 
hhermaJ performance (the UECC standard). 
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hi!Vare(i (IH) soldering per the CECC speoificaLions (iJie 
upper temperature consCraiiU of 260''C may be exceeded 
for a nuiximum of 10 seconds) resuli.ed in failures after 
1G8 lioins ofpreconditiormtg al; S5^C aiid 85% relative 
humidiry (RH). "r\\e failures incUuled broken slJLch bonds, 
liflxvi die-at(a<'h, epoxy craclcing, and epoxy-leadfrmnc de- 
ianunation. Therefore, an aggressive progi^ani was planned 
for the Mur<l generalion of Uus surface mount \FJ) to bring 
its quality to world-class automotive standards. 

Thir»i G4>;iu;q^iion Surfacij fVlouni L£L 
Tlie effects of moistnre absorption by iC packages leading 
lo t4ecu;ical i'aiiureshave been well-documented,"- De1am- 
inatiou und package cracks during IR solder leflow are 
the predominant failure modes. Prebaldjig of packages to 
drivi^ the moisture away before soldermg and the use of 
moisture banier bags are conui^on practices but arc not 
wt'll-acccirted by customers. 

For the third-generation HSMx-Tnnn products, significant 
effort was inii into undei-siauding the failiuT mechanisms 
and the linkages to mainifacturing processes and into 
raw mateiial optimization. Implementation of preencap- 
sulation drying solved the broken stitch bond problems 
(UKi reduced inconsistent reliability perfonnancc. 

A U(^w casting epoxy formulation and curing conditions 
further enhanc-ed the quality and reliability, improvuig the 
moistun^ s(M)siiivity fiom level 3 to level 1 of the applicable 



JEDEC standard (test method A112).^ To sinmlate the 
JEDEC level 1 standard, all the experimentiiJ uuit3 wore 
subjected to 85X/85% RH for 168 houi-s of preconditioning 
followed by two iterations of CECC IJR soldering imi\ ex- 
tended temperature cycting between -55''C and lOOT or 
thermal shock from - lO^'C co 1 lO^C. The cracke<l (^K>xy 
problem was solved by tlie new eptjxy formulation, mid 
the lifted die-atfach and delamination problems were 
solved by optimizing the die-attach t^poxy cun* sch(Hlule. 
These enlmncements sigiuiicaiitly improved the robusti'iess 
of U^e device and it was qualified by a major atilomotive 
suppher. 

"^ .lure Epoxy Encapsulation Cure 

The epoxy cure schedule was set at 125*C' for eight hoius 
based on the originaj product relea.se qualificatioti tests. 
However, after furlJ^er discussion with the epoxy vendor, 
it was realized that a liiglier epoxy ciu^e tempei-arme could 
be used to improve the perfonnance. 

A 2^ full factorial experlmeni was designed with one fact<^r 
being the cure tempcrattue at two levels — l2r>"C and 
150%'— and the other factor being the cure time at two 
levels — 2 hours and S hours. The response was the faihire 
rate aftci" IR soldering followed by repeated thermal 
shocks between -40''C and 4- UO°C, with 30 miiuites 
dweU time and zero trmisfer time. The full ser of data is 
shouTi LJ\ T^ble 1 for 500 imil^ per cell. 



Table 1 








Dafafi'om 


Epoxy Cure Tf^mpcmlu 


V Expehmoii 


Cell 
Number 




Conditions 


Cumulative 
Failure Rate (%) 
after 200 Cycles 


1 
2 
3 
4 




125"C, 2 hr 
l2ffC. 8 hr 
150%:. 2 hr 
150%. 8 hr 


5.49 
3.17 
0.22 
0.65 



The i-aw data showed that the 150% cures gave very low 
fajlujc rates compared to the r25°C cures. No factor was 
statLsticalJy dilferent. Repeating this experin\ent gave 
similar results witliout Inghhghting ^my significant factor. 
It was suspected tl^at other factors were iniluencing the 
behavior of the product 
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Moisture Removal 

The housing nmt.oiial. wliich is fiber-filled pol,vpbthaJajnide, 
luL*^ a higii affinity for moistiue. * Water molecules from 
I he ambient air fonii hyrlrog^n bonds to polyamide link- 
aj^es. This plasUcizes (he continuous mnim and causes 
dimensional changes, leading Lo mcreased mechanical 
siross(\^ within the package over lime. 

To quantify the effect of moisture on the ovei^aU package 
perfomianro subsequent to epoxy encapsulation, an ex- 
periment was caniccl out by i)rocondi(ioning the housing 
material (4^ lii-ai S5'^C/S5%RH) before the casting process. 
One lol' was used as the control cell. Alter the encapsula- 
tion ciue> entrapped air bubbles were detected on the 
evaluation cell (Figure 2) but not on the control cell. 
The euiing temperature was 135^C for S hours. Tl\e en- 
trapped air h\ihbles may have been Uie result of moistiu-o 
turning into siemn dming the gt^lation process.'"*'^' 

h was found that the glass Ixarisition tempevatiii'c of the 
eas(i.ng ejx^xy for the eell under cvaJuaiion was 1 lfi°C 
versus 139'^C for the conti'oJ eel). 

The water molecLiJes from i;he housing niatenal can lake 
part in ring-oper\ii\g reactions with anl^ycbide molecules 
competing with the -4}]] groups from OGEBA (diglycidyl 
ether of bisplienol A)," as illustrated hi Figure 3. This 
r(^sults in a lower cross link density in iJie pol5ni\er matrix. 



Hgiire 2 

Entrapped air bubbles during the epoxy gelation process. 




The moistiu'e content jn tJie liOLisii^g material Qiolyphthala- 
n\ide) is LnconsLstenL and depends on the degnv of ex"|3o- 
sure to the tnoist"ure in the an\biont air. Therefore. di>ing 
oj" baking the housii^g material before ctisting is very 
ciitical. 

To confirm the above hypoi-hesis, an experiment was 
caiTicd out with three factors: [)reconditionii>g aI'l(M- wire- 
bonding for 48 hoius, drying after preconditionijig. iwxd 
different cast epoxy cure C^MitperaLiires. The viuious cells 
ajul the cuntiilative failure rates a^e shown in Table H. 

When tlicre was )io preconditioning after wire bonding, 
cpox-y cnriivg at KiO'^C gave an ah\u>st zero failure rate. 
When there was ineconditioning after wire bonding, 
epoxy curing at 160''C still gave a lower failure rale than 
epoxy Cluing at 125°C. With no drying after precondiiion- 
ing, rhe faiJiu^e rates were gi^eater than S0%. Wien there 
was preconditioning after wire bondij\g, no matter what 
drying condition was used rhe failure rate was not xero. 

The preconditioning after wire bonding was hyi)o(hesi/ed 
to be too severe and a more realistic ex|)crijnent that simu- 
lated the production floor environment was dotie. After 
wii-e boiKluig, units were leit exi:>osed for GO hoius in an 
open envijonjnent where the room temporal me reached 
37*^0 and the relative humidity was between ()0% luuI 8tJ%, 
lia\nng established that a 150'*C epoxy cure temperature 
is superior, it w^is kept constant in the subsequent 2"* full 
factorial experiment, which is siunmaiized in Table III. 

The analysis of variance revealed leadfranu^ drying to be 
the biggest facl:or. The other factors had less llian one 
tenth The significance of leadframe diying, so they wen^ 
grouped together as residuals and anol her analysis of 
vaiiance was done. Tl\is showed leadfi-ame diying liefore 
dispensing to be significant at a 05% cotifidencc^ levc^l. 
Even though the oven ramp rate chd not show up as a 
significant factor, the raw datahidicated that the fast 
ramp gave fewer faihues. The same can be said for the 
inline position of the tnagazine. This is probably due t:o 
better aij- circulation and better temperatitre eiMitrol in 
the box oven. 

Physical analysis showed that the main failure mode for 
m\diied leadframes is broken stitch bonds. In those cells 
vnth dried leadfnijnes, stitx::h bond failures wcm'c eliminated 
and reliability porfonnance became consistent. 



O 
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Schematic diagram showing water molecules la) diffusing into the polymer matrix housing and (b) turning to water vapor during 
the cast epoxy curing process. 
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During curing at high temperatures, hydrogen 
bonds dissociate and moisluro diffuses into 
tho opoxy mixture. 



Table II 










I-'ailurp R(il(v< 


■irilli fin/l loitlwiil Moistii 


rrPrerondifioniiiJj 


and Drijhig 




Cell 
Number 


Preconditioning at 

85^0/85% RH after 

Wire Bonding 


Drying after 
Preconditioning 


Epoxy Cure 
Temperature ("0 


Cumulative Failure Rate 

after 200 Temperature 

Cycles (%) 


1 


No 


No 


125 


24.5 


M 


no 


» 


160 


0.2 


« 


Yes 


m 


125 


85.9 


4 


Y(\s 


W6 


150 


80.0 


■f 


Yes 


llu-atl45°C 


128 


2:j.l 


t 


Yes 


Ihral. 145°C 


160 


12.7 


f 


Yes 


Vacuum 


m 


10.7 


f 


Yes 


4 hr a). i45'C 


m 


13.1 


9 


Yes 


4 hi- at 145'"'C 


150 


4.6 
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Table l[l 












2-^FiiU Fiu: 


ion a! E. 


^peri mental JMsign 


and Results 






Run 
Number 


Leadframe Baked 
before Dispensing Epoxy 


Oven 
Ramp Rate* 


Position of Magazine 
in Oven** 


Cumulative Failure Rate 
after 300 Cycles*** (%) 


1 




No 


Slow 


Broa^lsido 


5L0 


t 




\V3 


Sl(jw 


Broadsido 


0.6 


t. 




No 


FbsI 


Broadside 


2(10 


4 




Yes 


Fast 


Broadside 





g 




No 


Slow 


Inline 


2;15 


t 




Yes 


Slow 


Inline 


0.2 


f 




No 


Fast 


Inline 


11.7 


8 




Yes 


Fast 


Inline 






■ Two ovens were u^ea. One was set up with a slow tempc:aiure ramp (O.^^'C/mtnuiel in ihe liGaiing prolile and the nihsr vjith a fast f3mp(5X/minute} lo a stable 

oiiefaiint) :fimpe?niure of 150"C, 

' ' The positions ui ihc maga7infi vvhete ihe iftadficim&s we/e stored during ihe cum cycle wete such lUdi the airflow was blocked hy ihe sjdy pidie (brM;jilb*iLicl diiU ihc 

airflov/ WH5> tjver the ieadfranies linlintif, 

'" Tr;frf)eratiire: o,'c\m; liftiwoea -55^'C and -^ 100 'C 



Cast Epoxy fVlix Ratio Considerations 

All objective of tliis project was to make the produce in- 
sensitive to moisture, ihereby giving it unlimited shelf life 
for automotive ap])lications. The previous product, if 
exposed tu ambient condilioas for more than a month, 
would typically fail after soldering, witii severe epoxy 
cracks and delamination. Therefore, strengthening of tlic 
casi epoxy was cnicial for this project. 

Ki,!^iire 1 

Graph showing glass transition temperature at different 
mix ratios of resin to hardener 
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The cast epoxy mix ratio reconm tended by tlie vendor is 
one pait of resin to one part of hardener by weight. How- 
ever, Tg (glass tranf^ition tenxperature) data indicat(\s that 
the optimum dimensional stability for the epoxy sy.stem 
used falLs in a range of resin ratios of 1.2 lo 1.3 (Figure 4). 
The reconunended mix ratio of 1.0 has a Tg from llO'C 
to I20°C. This Lsalsotheupper temperature experieiued 
by t:he device duiing thermal cycling sirrss tests. Ideally, 
it is most desii^ble to have the material retain its gUiss- 
like behavior at a temperature much liigher (ban th(* up- 
per tempei^ture extren^e of tj-te stress test (1 10'''C for 
thermal shock). 

Thermogravimetric analysis (TGA) showed thai when 
the resin content is increased the thermal stalMlity of the 
epoxy system also ijiiproves (Figure 5). The oiUimum 
range of resin ratios is 1.1 to 1.5 aiui is a compromise 
between thermal stability ai\d dimensional stability. 

Epoxy Mix Ratio Optimization 

A first, pass ex])eriment wtis done to dtMcnnine if llu^ [jack- 
age perfonnance could be Auther optimized by modifying 
the epoxy resin-to-hardener mix ratio. Evaluation units 
were built, using I;luee different resin-to-hardener ratios 
of 1.0, 1.2, and 1.8 and then cured at 150^C and 125"(^ 
The rcsidts alter the preconditioning and stress K^sts wiv 
as shown ur\ Table FV. 
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Figun^ 5 

Graph s flowing thermal stability at different mix ratios of resin 
to hardener. 
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'I'lu' resin ratio of 1.2 cured at IGO^'C i*ave a zero failure 
ralo in M of lJ)e fesls. 

Si)idpr c-rackii^ as .shown in Figure 6 at the top of Llie wire 
loop, are caused by moisture inlTodiiced during pre- 
(■(mditioniiig. These are seen in t.he conirol ceU but not 
in 1 he cell thai has a resin ratio of 1.2. V^lien tJie epoxy 
is saturated with n^oislure. si)ider cracks are normally 
ol)sei'\'ed after soldering. Cracking in epoxy resin induced 
l>y \vat(M' ab.sorption is a very weU-known effect.^ Dialing 
llu^ sokk^ring process, the temporat:ure exceeds the Tg ojf 



die cast epoxy causing it to become nibbery. The top of a 
gold wu'e loop will act as a stress initiator and a crack will 
propagate as a result of repealed temperature cycling. 

A resin ratio of 1.8 is too l\igh and leads to brilllen(*ss as 
evidenced by vertical cracks observed during the lead- 
foiTinng operation (Figure 7). This shows that thermal 
stabibty alone is insufficient and mechanical stability is 
also needed to maintain package integrity. 

It Is possible that alteiing Llie niix ratio leads to a greater 
degree of cross-linking density in the epoxy matrix and 
results in higher Tg and uicreased modulus aL tempera- 
tures above Tj,, botl\ comnioiily known effects that would 
enhaju-e the dimensional stal)iliiy of the epoxy with re- 
spect to temperatiu'e ruid thereby eliminate spi<ler cracks. 

Another advantage of a higher resin conltmt in ei^oxy- 
anlxydride systems is the reduction of the concentration 
of-COOlI and -GOO- hygroscopic linkages (Fig^ure 8). 
This, coupled wilh l\igher crass-Link tleusity. ie<iuces the 
moisture uptake capability, making the propeilies of the 
materia] less suv^^ceptible to change when exposerl to 
moisture. 

A fine-tuning of the resin ratio was done by using cming 
ratios of 10 tiii'ough L4 at ISO^C and checking the reli- 
ability tluough tJ^em^al shock and ihennal cycling after 
168 hoius of preconditioning (Figure 9). Again, lh(^ 
results showed that using an epoxy nux ratio of 1.2 gave 
the best overall perfonnance in thermal stress tests. 



Table IV 
















Cuniiildlin 


Failure Rates for DiJJcrprit Ej 


>o.t:)j RpsiH-lfi-Hardei>er Mkr 


Rnlios 




Mix Ratio 


Cure 
Temperature 


% Cracked 
during Forming 


% Cracked after 
Preconditioning 

and 
Thermal Shock 


% Cracked after 
Preconditioning 

and 
Thermal Cycling 


Cumulative 
Failure Rate (%) 

after 300 
Thermal Shocks 


Cumulative 
Failure Rate (%) 

after 300 
Thermal Cycles 


l.() 


125 


1 


m 


(iH 




2.0 


l.S 


1.2 


im 


1 





1 




1.2 


0.2 


1.8 


M 


20 


52 


43 




75.4 


(>4.4 


1.0 


xm 





43 


38 




0.4 


1.0 


1.2 


im 













0.0 


0.0 


1.8 


150 


13 


51 


42 




20.0 


3.0 
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Spider cracks. 




Epc-v — — '^^trc ?!nff CfTG Trrmnerature 
Aft(M' tJu' oxpcrimeninl noise ]>ad l)CH:^n eliminaticflj anoLher 
exi)erinu^nt wiis ran to check the sigmficant factors. A 2'^ 
full fad (Mini ^:<perimenl was designed usu^g two ovens. 
Ea^'h oven was slabilLzed at one ien^peraturo and the 




magaziiifts of leadframes were loaded such i;ha( the iciw- 
peraiairo rise lime was mhiiniized. All the units were prc- 
encaixsuiation cliied at the stipulated temperature and 
Time. Tl»e results are siunniaiized in Table V. Tlie results 
proved beyond a doubt IJvat the l\igh cuie temperature 
w\t\^ a fast ramp and a t.2 irdx ratio is mdeed tJu^ belter 
process. 



Figuie ^ 






Anhydride esterification reaction with the oxirane ring. 
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Epoxy mix ratio optimization reliabifiry performance. Ad parts were preconditioned for 48 hr at 85^C/B5% RH. 
(a) Tfwrmal shock, - 4^°C to J W'C. Ibl Thermal cycling. - BS^C to WC'C. 
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« ID 
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1.5 



Table V 

Failure Rales for Vcirioys Epoxy Mi^i- Ratios and 
Cure Tfw ppf a in i rs 



Run 
Number 


Epoxy Mix 
Ratio (Resin 
to Hardener) 


Cure 

Tempera- 
ture (^C) 


Cumulative 

Failure Rate (%) 
after 500 Tem- 
perature Cycles 


1 


1.0 


125 


HA 


2 


1.2 


125 


G.4 


:i 


1.0 


150 


O.f) 


4 


1.2 


150 


0.05 



Die-Attach Silver Epoxy 

The predominant failure mode of t hi.s surfaee mount. 
packii^o afr.er solder reflow is lifted die-altadi. Thero \i$ a 
visible delaminaiion between the leadlranu^ and lh(* silver 
epoKy die-all ach material, causing an clecU'ieaJ disconti- 
nuity. Hence, tliere was a wchh] \o invi^sligate (lie dit^-atiach 
pioccss and iinprove adhesion oftlu^ die to the leadtVame 
using the cmrent silver eiK)xy. 

The Tj^ of the silver ei)oxy was measunnl as a function of 
cure time and temperature as showi-. in Fi|^re 10. Tsiuf* 
i:he current cure profile, a sli^t^ht Vcuiaiion in the time or 
temperatme of Uie cmre will result in a lugh variation of 
Tg values. However^ for t:hi.s package tiiere is a limit on 
the time and temperatm'e of heat exposure because the 
housing material is prone to oxidation (color changes). 
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Fii(iii'<' 10 


Glass transition temperature Tg for die-attach epoxy cured 
at different times and temperatures. 
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Ideally, liie Tj. should be iis hi<*h as possible and in the 
stable regio!\ of the ciiive. As in iha case, of cast epoxy, 
the sUver die-attach epoxy will be weak and rubbery if 
insurncitMiily ciued. A higher cure condition wUl yield a 
Iviglier T^ rhat gives a stronger and more stable adhesion. 

To prove Uic beiiet.'it-s of hij^h iemi^eraturo and long cure 
time, a 2^ factorial experiment was designed with tlicrmal 
cycling I'ciial^ility taken as the* respot^c. Die heiglit was 
chosen as one factor because of a possible interaction 
betwecMi ihc die form fa^'tor and epoxy adJiesion. T\^e other 
factor was the euro eondirton, and the condjtioi^s investi- 
gated were 45 minutes at 160°C and 200 minutes at ISOT., 
The latter cure eoudilion is loiown to discolor the honsing 
material but is ixH-onimended by rhe vendor as optimum.*'^ 

T1k> exp(>ri mental resn hs showed that tl^e cure condition 
is mon^ significiuU t ban the die hciglu and tliat a higher 
cure temperatm'e and a longer time wiU yield a higher Tg 
(T^ - 1 14 '(' for a cure of 200 nm\utcs ai. 180^0) ^md betttu" 
i^empcratDre cycle reliability. However, tl^e hi^ i;empera- 
tun^ and long tim<^ required for cnrij^g will oxidize the 
housing material. Curing in an inert atmosphere such as 
nitrogen wi.ll prevent the oxidation bufvLs not cosl-effecdve 
for this product. Characferi/aLion of IJ\c discoloration 
with diXf(^rcnt teit\perat"ures and times showed that tJie 
highest, cure condition possible is 160^C for 90 minutes 
and represenLs the best, compromise between silver epoxy 
Tg requirements and package cosmetics. 



ngiire 1 1 

Third-generation product performance after preconditioning, 
If} soldering, and }DQO temperature cycles. 
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Conclusion 



Tlie rcbability of HP's suiface mount HSMx-Tmm LEDs 
was enhaj^ced tx> better snit l;he ii\creasingly sningeni auio- 
mo'ive applications. Tlic preencapsuiation daying of the 
package helped eliminate broken stitch bonds. A new 
casting epoxy formulation wirii new ciuing conditions 
ijnprovcd the moisture sensitivity of iJic package, thereby 
eliminating epoxy cracking ^ind raising the i)aekaging 
stiindard from level 3 to level 1 of the relevant JKDE(. 
standard, Optimi/ation of the die-attach epoxy cnrt^ 
schedule eliminated the lif((*d die-attach and d(4amina- 
tion problems. With these changes, the final t est compari- 
son sl^owcd that the third generaUon pro<Uict is as mueli 
c\s 84 Limes n\ore reliable Lhan the second generation 
product (Figure II). 
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More information about HP LEDs for automotive 
applications can be found at: 



http://www.hp.com/go/automot(ve 
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Engineering Surfaces in Ceramic Pin Grid 
Array Packaging to Inhibit Epoxy Bleeding 
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Bleeding of epoxy resin around surfaces undergoing bonding during electr[jnic 
packaging assembly has long caused sporadic yield loss. Previnusiy. it was 
thought that vacuum baking reduced the yield loss resulting from surface 
contaminants. Although vacuum baking inhibits epoxy resin bleeding, it also 
produces coatings of hydrncnrhons, which affect surface wettability nnd surface 
energy, Surfactant coating results in a surface chemistry similar to vacuum- 
baked substrates but is a better alternative because of its conlrojjability. 



E 



I poxy bleeding is cormYionly obseived in c;lecax)aic packages around 
silicon clxips attached with c^poxy resun to sub.st rates having gold or othii' niotai 
surfaces. In severe cases, the bleeding contaminates the wire bond pads. 
causing faiiiu-e. TJ^e effects of blecdhig are often critical in advanced packaging 
components such as cerajnic pin gi'id array (CPGA) subsuates. in parHcuIar, 
when there is veiy hrtle clearance betM^een a bond finger tier and tlie die. niinur 
resin bleedoui can interfere with wire bondability. 

Dming the Lime that CPGA technology has been used here at RP s hUegrated 
Circuit Business Division \n Singapore, we have expenenced sporadic yield 
loss caused by epoxy bleeding, Tliis is Icnown to be aji industiy-wide problem. 
For several yeais the caase of the yield loss was unresolved. Witli increasing 
pin count aj\d decreasing clearance between the clie and the subsirate caviiy, 
i^esolving the problem has become more urgent. 

Earlier studies^ led us t.o resort to countenneasmes Hke vacuum baking to 
reduce yield losses. However, Lhe studies were not comprehensive enough to 
verify the effectiveness of vacuum baking, m\(\ yield losses have continued (o 
occur fi'om time r/> lime for no appai'ent reason. We had noiyet inves(iga(ed fhc^ 
po.ssibiJity tiiat surface contaminalJott, resiJling from vacuum baking, can have 
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Figure 1 

Schematic diagram of a CPGA substrate with silicon chip 
mourned or) the die attach pad, which is the cer)tra! portion 
of the heat slug. The epoxy bleeding occurs on the A(20j 
walls near the silicon chip. 
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I lie positive olToci of riMludng epoxy bleeding during die 
attachment. 

In rliis ariicle we deycvLhc^ liovv wc used surface analysis 
and conUici angle nieasiu-ements to investigate U^c effects 
of vacuum baking on yield loss caused by cpo?cy bleeditig. 
Tlu* same analysis liechniques were cjnployed to investi- 
gate Llie i)OSsil)ilily of using surfactant-coaled substrates 
to reduce <M>oxy bleeding. 

For our analysis we used a CPGA (ceramic pin grid array) 
suhstratr^- from one of our typical applications (soc 
Figui'e 1). It consisted of a Cu-W heat slug onto wliich 
was (Electroplated a fiJjTi of Ni (10 |jm ihick) followed by 
Au (tyjiically J. 2 )jm tJiick). The surface was cleaned and 
vapor dned with isopropyl alcohol Wlien the thickness of 
the surface gold fUni was varied from 1 urn 10 2 [an^ on 
(Urferent specimens, the wettability was foimd to be inde- 
l^endenl of the gold thickness. Tlie schematic in Figure 1 
shows the substrata? alter die attaclunent but before wire 
bonding. 

Analysis of Vacuum-Baked Substrates 

hivosiigations into Llie effects of vacuum baking focused 
ow two areas: Auger analysis tmd wettabQily. 

Auger Analysis. Auger analysis is an analytical t:cchruriue 
I hat uses electron spectroscopy to examine the elemental 



composition of the outer atomic layer of a solid mati^tlal 
(see "Auger Analysis*' on page S3). Examining t.he ele- 
mental composition of surface contaminants on a solid 
is one application of this technique. 0\!r analy.sjs was 
perfonned on a .JEOL JAiMP- 710C)F Auger analyzer. The 
accelerating voltage was 5 kV, and th(^ probe current was 
1.52 X 10 "^ A. Argon ion etching w^as applied with an 
etcliiug speed esru^iated at 1.25 mii every 10 seconds on 
a siJicon surface. 

Tl^e analysis was canied out on substrates prepared foi' 
die allachment. Figure 2 shows the discolorarion caused 
by bleedb\g arotmd a bonding pad. Auger spectra were 
recorded from the die attach pads (heat shigs), which 
consist of Cu electroplated witJi Ni and Au. Compansons 
were made betAveen samples in a vacuum al two stages 
during the process: before baking i^md after baking. 
The puipose of this was to monitor f.he contamination 
that results from baldng. The samples consisted of the 
following: 

A raw CP(.iA substt^te 

c A CPGA subsuate that was baked at 235''C for six hours 
m a conventional vacuum oven at, a pressun^ of 0. 1 mbar 

A CPGA substi-ate tliat was baked in an ah' convection 
oven at 235°C for six hours. 



Figure 2 

Photographic image of the die showing attached wires and 
edge discoloration (see arrow) caused by epoxy bleeding. 
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Glossary 



Auqer Analysts 

Auger (pronounced o-jay) analysis is a widely used electron 
spectroscoptc method that is capable of providing information 
about the elemental composition of the outermost atonriic layer 
of a solid, This technique examines the surface chemistry and 
interactions of elements on the surface of materials such as 
metals, ceramics, and organic matter. Auger analysis is named 
after its discoverer Pierre Auger. 

The Auger process involves using a finely focused electron 
beam to bombard atoms on the surface of the sample being 
analyzed. When an atom on the sample is struck by a high- 
energy electron, there is a probability that a core-level electron 
will be emitted (Figure la). This collision puts the atom into an 
energetic ionic state with an electron missing from the core 
level The atom can relax into a lower-energy state when an- 
other electron from the same atom falls from a higher-energy 
level to fill the core-level hole, releasing enough energy to eject 
a second electron^— the Auger electron (Figure lb). The state 
shown in Figure 1c is still excited and decay continues radia- 
tively by another Auger process. Auger electrons will have an 
energy characteristic of the parent element. An energy spec- 
trum of detected electrons shows peaks assignable to the 
elements present in the sample. 



Surfactant 

Some chemical materials have a special propensity to locate 
(adsorb) at interfaces or to form colloidal aggregates in solu- 
tion at very low molar cortcentrations. Such materials are called 
surface-active agents, or surfactants. Surfactants am used to 
modify the wettability of solid surfaces. 

Wenabilily 

When a drop of liquid is placed on a solid surface, the liquid 
either spreads to form a thin film on the surface as in Figures 
2a and 2c, or remains a discrete drop as in Figure 2b. Ihe 
measure of the degree of wetting is the contact angle (see 
Figure 2a). The contact angle is the angle made by the tangent 
to a droplet at the solid surface interface. High wettability is 
indicated by a small angle (Figure 2c). The extreme case of no 
wettability is shown in Figure 2b. 



Figure 1 




An lustration of the Auger process. 




Auger 
, -^ r I ' Electron ' ^ I ' » 




• • . *',..*• 




/ Ejecled ••;.' 
/ • EJeciron " '* 


^ Incident Electron 

(a) (b) 


(cl 



The ratios of the intensities of Auger electron peaks can pro- 
vide quantitative information about the surface composition of 
a sample (for example, see Figure 3 of the main article). 



Figure 2 








Contact angles, (a) Partial wetting, (bj 
(c) Close to complete wetting. 
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Mt^asuiomeiirs wow taken from several specimens of 
each ty[)(^ and found to be consisienL For comp^uison, 
additit)nal n iea.su rem en i:s were taken from a second speci- 
men (spoeimen R in Table I) which was subjected to 
evacuation at loom tentperatiu'e, witl\out baking. 

Wettability. Contact Angle, and Surface Energy, A liquid 
that .spreads easily on a solid because of liigh surface 
(MU>ii;v has Ivigh wettability. This is quantified by measuring 
the ani^le that tlie hctuid surface makes al the mterface 
with the solid surface. Such wet.rability contact angles 
wnv iTu^asured through tlu^ sessile drop n^ethod'' on a 
face contact, ariglenu^ttn-, model CA-A from Kyowa Inter- 
face Scie n ce C\ ) m| )any. 

Media ust^d for calculating suifacc energies were deionized 
vvatei' and nu-thyleni^ iodide. Contact iuigle measurements 
w'vw ]j(M'fornK'tl on raw substrates and on substrates after 
vacuum Ixikiug. To meas\ue contact aixgles, the die pad 
ai(va of a i)ackage was s(»parated from the coiresponchng 
ceramic subsirale by chipping away the side waJls. A hori- 
zonial profile projector, at 2 Ox magniilcation, was used to 
n measure I lie equilibrium contact angle. 

Kepc^ated measuremenrs Ijom several specimens of each 
ty[>(^ of snbstraie were found to be consist-enl to within 
three degrees. The computation for the surface energy., rs, 
Is bas(Hl on ih(^ mcMhod described by Wu and Bi-zo'/owsld."* 
The surface energy of tJie solid is the sum of the surface 



dipole component, rj^ , and the surface dispersion com- 
ponent, r^. These components are related to the contact 
angle i} by Uie formula: 



(yd J.fl l-jl fl^ > 



(1) 



where r, is the suiface tension of (he liquid used iti wet- 
ting and consists of the sum of tJie dispersion and polar 
components. If all of the componeni^ of r, are known for 
two liquids, then two correspondiJig measurtMneuts of i lie 
contact angle will make it possible to solve for r^! , r'^ , 

and so on by solving the quadratic equation derived fron\ 
equation I. 

Prelimmary Results 

Our quantitative analysis focused on Attger analysis as 
well as contact angle measurement and surface energy 
computation. 

Auger Analysts. Figure 3a shows iyi)ica) Augtn' spi^ctra 
taken from a i^aw substrate. The etching rimes were /.eio 
seconds and five seconds. The elements detected on the 
surface were Au, S, C. and N. AJ'(t»r fiv(^ seconds of etching 
(Figure 3b), two of the contaminjmls, C and N, disap- 
peared. A trace of S on the subsuri'ace was esiimait^d to 
be at a mean dcptli of L25 mil below the original surface. 



Fi-ure :'> 




Auger spectra generated from the die dttach pad of a raw CP6A substrate after etching 
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Auger spectra generated from the die artach pad of a CPGA 
substrate after vacuum baking and after etching times of 
la) seconds, (b) W seconds, and (c) 20 seconds. 
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Figure 4 shows Lhe Auger spectra taken on a subsiiat o 
afUu' vacuimi baking. Eiching limes of zero soconils, I en 
seconds, and tv^^enty seconds vverc used. Notice rhat, 
compared wUh lhe raw substrates, \he C contani Juration 
is much greater. Even after a 20-.see()nd eicH^ing Unu> 
(equivalent to an etchirtg depth of about 5 nm). C con- 
ritiues to be obscived, showmg thai the ihirkness oi' the 
crn-bon film Is greatly mcreiLse<l by the baking piocethire. 

Auger spectra weie taken on the subs(Tat<^ ni'iov baking in 
air only. Etcliing imws of zero, five, and r(Mi s(^conds wnv 
applied (see Figure 5). Nodcc that after five seconds of 
ctcliitig, C contamination was gone. The (' coniaminaiion 
level is comparable with spectra for the raw substrate 
showrt in Figure 3b. Alchongb they were etched away 
before the plot in Figure 5b was made, traces of Ni and (.) 
were detected on the surface. These ti-aces apparently 
result: from diffusion of subsurface Ni during baking and 
from its oxidation by air. 

Tkble I lists the results of \hc quantital.ivi^ analysis. The 
results from specunen 2 show that evacuation at room 
temperature is not contaminating by itself. Some of the 
contamination comes from adynamic process in which a 
cold specimen is Lnunersed in a hot oven containing back- 
stream oil vapor. 

Contact Angle Measurement and Surface Energy Compu- 
tation. The measurement and computational results' from 
a raw substrate before vacumii bakii\g and alter vacuimi 
baking are listed in Table I.I. hi these measurements, ])os- 
sibie variations related to surface nioii^hology w(^r(^ mini- 
mised by compamg measiuemems fiom spt^cinuMis of 
the same lot. Furtht^nnorc, gold-i^latinl surfaces an^ suffi- 
ciently dei\se to allow us to ignore smface moq)holog>'. 

As described earlier, a signincjiiit increase in (he carbon 
signal is observed after baJdng. At lhe sanu' lime, I lie solid 
surface energy decreases, es|3ecially the polar comijonent. 
The obscL-ved decrease in surfaces eitergy is consistent 
with known smface energies from ty]:)ical hydrotarbons, 
such as paraffin teiTadecane (25.(1 mLlLiJoules pvv stjuare 
meter, or mJ/m- ), so that the sm-face energy of t lie con- 
tanunaied surface (33.0 n\.J/nr) lii\s between thar vahu^ 
and the smface energy of the raw surface (41.1 m.l/m-^j. 
Thus, the effeclJve polainty of the substiate is reduccnl 
by the separation from l;he li(iuid droj) provided by ilu! 
insulating hydrocarbon Qhn- This is also consistent with 
tht knowledge That hydrocarbons prevenf \\\c spr(^ading 
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Figure 5 

Auger spectra generated from the die anach pad of d CPGA substrate after baking only in air and after etcivng times of fa) seconds 
and lb) 5 seconds. After etching for W seconds, the spectrum was similar to (b). 
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Table 11 
















Measured EquUibnuvi 


CorUacl Angles and Computed Su 


rface Energ 


ies 










Contact Angle (Degrees) 




Surface Energy (mJ/m^)' 


t 


Polarity** 


CPGA Substrate 


Water 


Methylene Iodide 


< 




1 


fs 


Raw substrate 


76.3 


44.8 


28.6 




12.5 


41.1 


d.30 


Vacuum baked 


92.4 


.54.1 


27.9 




5.7 


33.6 


0.17 


Surfactant coated 


94,4 


49.3 


31.7 




4.1 


35.8 


0.11 



■ The suff'acfi f^n^rgy Tj,. is the ^urn of the cispersion aomponeat rg and iha polar cornponem 
"■ ThH surface polafiry is equ.-j' lo :h(. lado r|J/r<: . 

of water on gold/^ even at a coverage of one monolayer. 
The sutf a c-c energy, as ineas\n-ed, is much less Llian the 
known suilace energy of Au (1510 niJ/m^).^ The very higji 
suiface energy of gold demonstrates the importance of tlie 
surface film on wettabiiit-y. Clearly^ the polar interaction 
of tile gold suiface is reduced by atmospheiic contamina- 
tion (water vapor and organics). With baking, the nonpolai- 
oil vapor further reduces the polaj' interaction. 

Pr«k|{rnjnArv Discussion 

The Auger results discussed above show that cai'bos) con- 
tamination increases dramatically after standard proce- 
dures of vacuum baking. TVpLcaily, oil from the rotary 
vacuum pump backstreams to the oven and diffuses pore 
contaminants in the proces.s. The sample.s ai'e placed in a 
hot oven, which is il^en pumped down to create a vacuum. 
Beca\i.S(^ of thermal gradienrs, hydrocarbon vapor can then 
preferentiiilly condense on cold substrate surfaces. This 
lilceliiiood is consistent with the Auger analysis data on 
substrates that have been vacuum baked. \y\ confu-nmtion. 
siirfaces that are only exposed to a high vacuum at room 
temperature, but without baking (tliac Ls, without thermal 
gi'adients) show an insigirificant increase in contamina- 
tion deposition. 

Since hydrocarbon contamination inliibits epoxy bleed- 
ing, it is not necessarily advantageous to eliminate sur- 
face cojitamination. Hydrocarbon films, deposited on 
substrates dmlng vacuum baku^ig, have reduced siuf ace 
energies (Table 11) compared with clean Au surfaces. 
Surface energj^ and contact angle are related as in the 
Young-Dupre equation:"'^ 






rg = r^cos -J- r 



LS 



(2) 



where r^s is the interfacial tension. Wl\en the suiface 
energy is reduced, cos is conespondingly reduc(^d, 
resulting in high contact angles. A higli contact angle im- 
plies a less wetrable surface and therefore inhibits spread- 
ijig phenon^cna when an adhesive material is applied to 
the solid surface. Consequently, tl^e resin bleeding, caused 
by epoxy applied for die attachment in electronic packa<*- 
ing substrates, will be inliibited by Uie coatings. Since the 
electroplated Au smfaces have natural porosity, any degra- 
dation In adhesion caused by the coating is not critical. 
(Further discussion of this adliesion is given later.) AJso, 
the dependence of the coating on various vacumn systems 
is discussed in reference 9. 

The coating on vacuum-baked substrates, whether caused 
by oU backstJreaniing or by substrate contaminating resi- 
due, cannot be controDed. Neither the source of contami- 
nation nor the deposition conditions can be precis<^ly 
deteiTTuned. Inconsistency in surface quality explains 
why the sensitive effects of the contaminaiion result in 
sporadic yield losses. A technique is needed that is com- 
patible with other required properties, such as adhesion 
sLiength, that will result in hydrocarbon film coatings 
^vith near optimum contact angle. 

Analysis of Sijrfart.ant-Coated Suh^^'^^f^"^ 
A substrare was coated with a surfactant and subjected to 
the same Auger and contact angle characterization used 
on vacuum-baked suJbstrates. 

Auger Analysis. Figure 6 shows the presence of carbon 
on tl^e gold-plated layer. Initially, the carbon concentra- 
tion is gi'cater than in the vacuum-baked specimt^n shown 
in PigTire 4, Aiter 10 seconds of etching (Figui*e Ch), 
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Figure 6 

Auger specna generated from a suriBctant-coated CP6A substrate after etching times of (a) seconds and (bj W seconds. 
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[\n-iv is si ill a considerable amouni of surface earboa, 
showing thai the film tliickiicss of tJie hydrocarbon con- 
laminanls is greater than 1.2 \\m. 

As menlioi\ed earlier, vacuum baking inlubits Gpox>- 
bl(V(iinj^ because of the hycU'ocarbon contamination it. 
leaves on the siufac(^ of ihe substrate. Suifactanl coating 
is also n^eant lo contiuninate a subslTate's surface with a 
hydrocarbon fihii. From [he results given in Figures 4 
aj\d 6 i( would seem thai tl^ere is no difference between 
iliese I wo processes. However, from oiu' study the short- 
coming of Ihe vacuunvbaidng process is Utat the hydro- 
carbon source is not contxclled because of die oil back- 
streamij\g from ihe vacuiim pump. On the otJuir hand, 
surfactant coatir\g can be controUed by nvixhf\g the right 
coiiccnrrarion of surfactaiil witli water, forming the hydro- 
carbon fi.ln> h\ the solution. 

Wettability Contact Angle and Surface Energy. Cciuilib- 
riuni eoniact angles and computed surface energies on a 
siufaclaut-coated substi-ate ai^e shown in Table II (last 
entry). The snrfact* energy is considerably reduced from 
the raw substrate state and is close to the value calcu- 
lahHl from the vacuum-baked substrate. 

The coating consistency was evaluated by comparing con- 
tact angles of deionized water on 25 sul)stjrates sampled 
from live dillerent lols. For an average measurement of 
OS^'C the standai'd deviation was 1.9 percent. This de^ialaon 
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of less than 2 percent was about five limes lower Ihan 
was observed 'n\ vacuui^vbaked substrates and illustrates 
the satisfactory controllability of the surfactant coating 
process. 

Tlie coating stability was also investigated in Irw'o ways: 
by exposiLTC to solvents and by exposure to air. After sab- 
jectbig the coated substrate !:o typical cleanii\g processt\s, 
such as soaking in deioni/ed waiter uir 72 hours, Auger 
analysis showed no sigjiUQcant difference between sub- 
strates soaked 72 hours and substi';ues not soaked at all. 
Secondly, the contact zx\g\v was monitored in coat(Hl sub- 
sirates exposed to a normal au*-conditioned en\nromnent. 
WirJi exposures of up to six uionths, no chang<* was ob- 
served. However, at longer exposures, a small reducilon 
ii^ the contact angle was obseived (for example, ">' ai^er 
nine n^ontlis). Thus, tJio surfactant coating process is 
compatible w^Ui production needs. 

Discussion 

vSurfactant coating results in a surface c.hemisti-y similar 
to vacuum-baked substrates, but with the benefit of con- 
trollabihty. V^^^at effect do surfactants havc^ on adhesion? 
The adhesion was tested by experinu^nts involving die 
sheaistrengd\. Adhesive sti'engths gi'eater than 20 kg/cm- 
were measured, consistent with U.S. military specifica- 
tions.^*^ Thus, although low wettability is generally accom* 
panted by reduced adhesion, we found that t he reduction 
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was not critical and within process nmrgins. h\ these 
substrat(\s, capillary cnccLs. chonu<a! bon<ling, m^d oi.hei 
I'actors ensnxo that the sml'^K:es rdiiin siifricifinlly strong 
adhesion, ev<M^ whon the suifaoos are altered by the con- 
iiuninaiion we nieasurt^d. 

Sinular 1 esLs wor<^ porfonniHl Involving wire bon(l pttll 
sfren^^th. In spite of the surface inodificatjojn resulting 
fronv processing, pull sirengihs greater than 6 g for 
1.2-pni-dianietcr ^old wires were n^eiusnrcd. Thus, tlie 
coated flkns were thin enough to have an insigiiificant 
effect on wire bond sti-ength. The surfactant coated sub- 
stralxvs passed Hewkni -Packard s gentnal semiconductor 
qualification specificat ion. 

Finally, the surface tension is diJTerent in vajcious adhe- 
sives, including various typ<^s of epoxy, polyinudes. and 
similar nKU(^rials. The selection of iui arihesive depends 
on trade offs between adhesion strei^gth, curing times, 
moislure absorption, and oth(^r parameters. We have 
demonsi rated that wettabihiy can, in actual practice, be 
controlled. 



Conclusion 



This snidy illusiiaies tlie degree of cleanliness appropriate 
in processing:; of elect ronic packages. We had been sLiivnng 
for veiy clean ceramic snrfaces, but that degree of cleanli- 
ness i)roduc(^s liigh siu'face energies that arc susceptible 
to epoxy bleeding. It is not necessary to provide veiy clean 
subsnates. On the contrail, it is preferable to engineer sui- 
faces by treat mt^nt with a fDm of high wettability. Vacnum 
baking is i^otsufficienrly conUollable and is therefore not 
effective. A better alternative is an elTective, conuollable, 
sijnple, and reliable surfactant coaLuig, 
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